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ABSTRACT: Synthesis of sulfur-rich copolymers using the inverse
vulcanization reaction is a practical approach to modify the sulfur
active material for enhanced stability in Li—S batteries. However,
to effectively design such polymers, a thorough understanding of
the underlying redox mechanisms is critical. Here, we study
electrochemical behavior of sulfur-rich copolymers using in
operando FTIR spectroscopy with attenuated total reflection. We
used sulfur-diisopropenylbenzene copolymers [poly(S-co-DIB)] as
the active material in Li—S batteries and monitored the evolution
of the C—S peak position and cyclic changes in the S—S bond
stretching at different potentials during discharge and charge. |/
Moreover, we synthesized various copolymers with sulfur wt % of
80 and 30 wt % and compared the electrochemical behavior and
their corresponding IR response during cyclic voltammetry sweep. Our results indicated that the C—S bond in sulfur copolymers is
not active in the voltage window of Li—S batteries. Moreover, we showed that the shift in the C—S peak position becomes smaller
with increase in the monomer wt %. In addition, the S—S stretching peak at ~500 cm™" diminishes when the sulfur wt % is decreased

from 80 to 30 wt %, highlighting a significant change in electrochemical behavior of the copolymers.

Bl INTRODUCTION

Lithium—sulfur (Li—S) batteries are considered as the next
candidate for commercialization in the battery industry. The
advantages of Li—S batteries arise from sulfur as the active
material, which has a high theoretical discharge capacity
(~1675 mA h/g) and is cheap, abundant, and environmentally
friendly."”” Despite all advantages of these batteries, there are
several challenges in achieving long-term cycling. The
challenges on the sulfur cathode side are (a) the insulating
nature of sulfur (Sg), the initial active material, and Li,S, the
discharge product, (b) volume expansion of ~80% in each
discharge, and (c) formation of soluble lithium polysulfides
during sulfur reduction, resulting in notorious polysulfide
shuttling.”~> Among these challenges, polysulfide shuttling is
known to be the most prominent reason behind the poor
performance and cycle life of Li—S batteries."”” To address this
challenge, several studies have focused on cathode modifica-
tions® and electrolyte,”” interlayer,'" and separator'"'?
design. Reports on sulfur cathodes largely involve development
of porous host materials”'*'* or other sophisticated material
design to enhance the conductivity of the cathode,'>'°
accommodate volume expansion,'”'® and most importantly
to physically and/or chemicallzr entrap the lithium polysulfides
to prevent their shuttling.'”™”

An alternate approach in mitigating polysulfide shuttling is
active sulfur modification throu%h the formation of S—X
bonds, where X can be carbon,”** phosphorus,ZD or Se/
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Te.>”** To this end, Pyun et al. introduced the inverse
vulcanization reaction as a facile method to synthesize sulfur-
rich copolymers with varying sulfur contents.”**” In 2014, the
same group, for the first time, investigated the application of
such sulfur-rich copolymers, specifically, sulfur-diisopropenyl-
benzene copolymers [poly(S-co-DIB)] (SDIB) as an active
material in Li—S batteries.”> Following this study, several
attempts have been made to combine the SDIB copolymer
with various host materials such as carbon nanotubes,”’
graphene sheets,”” and onion-like carbons.” Other literature
reports used the inverse vulcanization reaction with different
monomers to synthesize various types of copolymers to be
used as an active material in Li—S batteries.””**™* While
inverse vulcanization gives lower capacities than pure sulfur,
the improved cycling stability via polysulfide mitigation is
thought to be a worthwhile trade-off.”> The focus of most
reports has been to enhance the performance of Li—S batteries
with little understanding of the mechanism and/or correlations
between the copolymer composition/properties on electro-
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chemical behavior. Few studies have employed postmortem
experiments, where the battery is stopped at a specific depth of
discharge and the cathode material is retrieved for analysis.
However, due to possible exposure to air and the strong
dependence of intermediate species on the potential of Li—S
batteries, the postmortem results may not provide an accurate
representation.’”*" Moreover, the underlying assumption in
most work on sulfur-rich copolymers has been that sulfur is
immobilized through the formation of the C—S bond in the
active material, thereby forming “bound” organo-lithium
polysulfides instead of “loose” polysulfides during discharge,
preventing shuttle.””” In other words, the organic moieties
have been hypothesized in the literature to perform as anchors
and stabilize the polysulfides formed during discharge, which
otherwise would dissolve in the electrolyte and diffuse to the
anode side.

In our recent study,”” we demonstrated that microporosity
of the cathode host, which is known to physically confine
conventional “loose polysulfides,” still plays a profound role in
enhancing the cycle stability of the SDIB-based copolymers,
alluding to the fact that loose polysulfides are indeed present in
the system and therefore still benefit from entrapment into tiny
pores. As a part of that study, we discussed that despite the C—
S covalent bond in the initial active material, that is, SDIB or
other sulfur-rich copolymers, the formation of loose poly-
sulfides is inevitable. This is due to the possibility of multiple
S—S bond cleavages during discharge owing to the long sulfur
bridging chains between the monomers—typically 8—10 atom-
long in the 80—90% sulfur content polymers, C—S—S,—S—C,
which on charging may form loose sulfur, Sg In other words,
the sulfur-rich copolymers do not completely eliminate
polysulfides; instead, they only delay the formation of
polysulfides.

Motivated by this understanding, we have systematically
investigated the effect of sulfur chain length on the
electrochemical behavior of sulfur-rich copolymers using in
operando Fourier transform-infrared spectroscopy with attenu-
ated total reflection (FTIR-ATR). Specifically, we synthesized
four SDIB copolymers with varying sulfur bridging chain
lengths by tuning the sulfur wt % from 90 to 30 wt % during
inverse vulcanization. We refer to these copolymers as
S90DIB10, S80DIB20, SSODIBS0, and S30DIB70. TGA,
XRD, and DSC characterizations show a significant change
in the copolymer crystalline structure, and thermal properties
when the sulfur wt % is less than 50 wt %.

We hypothesize that decreasing the sulfur chain length (i.e.,
sulfur wt % in the copolymer) would result in different
electrochemical behaviors. Shorter sulfur chain lengths should
lead to the formation of fewer polysulfides, leading to slower
capacity fade. To validate our hypothesis, we conducted
standard electrochemical characterizations such as cyclic
voltammetry (CV) and in operando FTIR to monitor chemical
changes in real time during battery cycling. CV scans
confirmed that the first discharge peak at ~2.3 V in
S80DIB20, which corresponds to formation of high-order
polysulfides and organo-polysulfides from Sg; and SDIB,
respectively, weakened in SSODIB50 and completely dis-
appeared when the sulfur wt % was decreased to 30 wt % in
S30DIB70. Following electrochemical characterization, we
built an in operando FTIR cell to study the evolution of the
C—S bond representing the organo-lithium polysulfides and
S—S bond representing the polysulfides. The in operando cell
assembly closely replicated a coin cell without altering the key

battery components, such as electrolyte volume, cathode, sulfur
loading, and so forth, which was made possible using the ATR
accessory. Via this spectro-electrochemical investigation, we
found that the C—S peak is not active in the potential window
of Li—S batteries, contrary to the hypothesis presented in
several previous papers on sulfurized polyacrylonitrile sulfur
copolymers.**~* Moreover, during discharge, the shift in the
C—S bond peak position is smaller when the sulfur wt % is
decreased, confirming that the change in sulfur chain length
during reduction is less significant in the S30DIB70 copolymer
due to a shorter initial sulfur bridge length. While we observed
clear peaks for higher-order polysulfides and polysulfide
evolution in the higher-sulfur-bridge-length copolymer,
S80DIB20, during discharge (and charge), no polysulfide
peak was seen for the low-sulfur-bridge-length copolymer,
S30DIB70. These results confirm that by decreasing the sulfur
wt %, and subsequently decreasing the sulfur chain length, a
different electrochemical behavior is observed.

This work is the first study to employ in operando
investigation of sulfur copolymers to systematically investigate
the effect of sulfur chain length on the electrochemical reaction
pathways. We believe that these results can advance the
optimization of materials with S—X bond, which can
immobilize sulfur and enhance the cycling performance of
Li—S batteries.

B EXPERIMENTAL METHODS

Copolymer Synthesis and CNF Fabrication. Inverse
vulcanization was used to synthesize the sulfur-rich copolymers
with various monomer wt %, as reported by Chung et al.”* All
reactions were carried out in an oil bath at 185 °C and inside a
fume hood to avoid any possible H,S exposure. To prepare the
SDIB powders, sulfur (Sigma, 100 mesh) was melted until an
orange color was observed; then, an appropriate amount of the
1,3-diisoprpenylbenzene monomer (DIB, TCI) was added,
followed by stirring until a deep-red color was observed. The
amount of sulfur, DIB, and reaction time for preparing each
copolymer is presented in Tablel.

Table 1. Amounts of Sulfur and DIB and Reaction Time for
Synthesis of Copolymers

copolymer sulfur amount (g) DIB amount (g uL)
S90DIB10 2.7 0.30-325
S80DIB20 2.7 0.67-732
S50DIBSO 2.7 2.70-2927
S30DIB70 2.0 4.67—5059

The copolymers were given the identifier SXDIBy to identify
the wt % of sulfur and the monomer used in the synthesis
reaction, with x being the wt % of sulfur and y being the wt %
of monomer. The reaction yielded a block of red transparent
material which was cooled to room temperature, removed from
the reaction vials, and further ground. To grind the
copolymers, we used liquid nitrogen to decrease the copolymer
temperature below the glass transition temperature (T,), and
we manually ground them into powders. Figure S1, in the
Supporting Information, shows digital photos of the copolymer
powders. As can be seen in the images, by decreasing the sulfur
wt %, the copolymers became darker in color. We used
electrospinning to synthesize the carbon nanofibers (CNFs).
In this technique, a polymeric solution was made using
polyacrylonitrile (PAN, average MW: 150,000, Sigma-Aldrich)
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Figure 1. (a) TGA result of copolymers, (b) XRD result of copolymers with various sulfur/monomer wt %, and (c) DSC result of copolymers with

various sulfur wt % in the first heating cycle.

and dried LIQUION (Nafion, Liquion 1105, Ion Power Inc.)
in the ratio of 40:60 wt % in N,N-dimethylformamide (DMF,
Sigma-Aldrich) solvent. The solid concentration was 18 wt
%/in the solution. This polymer was stirred overnight at 60 °C
and was loaded into a syringe using a 22-gauge needle
(stainless-steel needle, Hamilton Co.) immediately after. The
electrospinning parameters were as follows: the flow rate of the
syringe pump (New Era Pump Systems, Inc.) was set to 0.2
mL/h, the distance between the grounded Al collector and
needle was adjusted between 15 and 16 cm, the humidity
inside the chamber was controlled to be <20%, and the applied
voltage was adjusted between 8 to 10 kV to ensure smooth and
beadless spinning. Each electrospinning experiment was carried
out for ~6 h. The resulting electrospun mats were collected
and stabilized at 280 °C in air for 6 h using a convention oven
(Binder Inc, Germany). Following the stabilization process, the
CNFs were transferred to a tube furnace (MTI Co., USA),
where they were pyrolyzed at 1000 °C for 1 h under
continuous N, flow. The heating rate of the furnace was set to
3 °C/min to reach from room temperature to 1000 °C, and a
similar cooling rate was maintained for cooling down the
furnace from 1000 to 200 °C.

Physical Characterization of the Samples. To evaluate
the morphology of the CNFs, copolymers, and cathode,
scanning electron microscopy (Zeiss Supra, SO VP) was
employed. The qualitative and quantitative elemental analysis
were conducted using an energy-dispersive spectrometer
(Oxford), coupled with a scanning electron microscope. To
increase the conductivity of the samples, they were coated with
an ultrathin layer of platinum using a sputter coater
(Cressington) before transferring them to the scanning
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electron microscope chamber. To determine the composition
of sulfur and sulfur copolymers, thermogravimetric analysis
(TGA) was carried out using a TA 2950 (TA Instruments,
USA), under a steady-state continuous flow of N,. The TGA
experiments were carried out from room temperature to 700
°C at a heating rate of 5 °C/min. To evaluate the thermal
properties of the samples, differential scanning calorimetry
(DSC) was performed using a Q-2000 (TA instruments)
calorimeter. The heating and cooling rates were adjusted to 10
°C/min. The samples were first heated to 150 °C to omit all
thermal history. Following this step, the samples were cooled
down to —90 °C using liquid nitrogen and heated up to 150
°C, under nitrogen flow. This procedure was repeated three
times. X-ray diffraction (XRD) was carried out using a Rigaku
Miniflex 600, without any modification of the samples. The
infrared spectra of the copolymers were obtained using a
Fourier transform infrared (FTIR) spectrometer (Nicolet iS50,
Thermo-Fisher Scientific), equipped with an extended range
diamond ATR accessory and with a deuterated triglycine
sulfate (DTGS) detector. The spectra were collected with a
resolution of 64 scans per spectrum at 8 cm™, and they were
corrected using background, baseline, and advanced ATR
corrections in the Thermo Scientific Omnic software package.
The structures of the copolymers in schematics were generated
using Avogadro software.*’

Cell Fabrication and Electrochemical Testing Proce-
dures. In this study, we used the CNFs as the host material
and sulfur-rich copolymers as the active material. Before
cathode preparation, the CNF mats were punched into 0.855
cm? disks and dried at 140 °C in a convection oven overnight.
We used the “ultrarapid melt diffusion” technique, previously
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developed in our lab,*® to diffuse the copolymer powders into
electrospun CNFs; these samples are referred to as CNF/
SxDIBy. In this technique, the desired amount of copolymer is
sprinkled onto the CNFs and subsequently heated at 155 °C
for 2 min using a hot press, applying very slight pressure. These
cathodes were transferred inside a glovebox (O, and H,0 < 1
ppm) after drying overnight under vacuum inside the glovebox
antechamber. The CNF/SxDIBy cathodes were used without
any further modification or any need for the current collector.
We used CR2032 coin cells with stainless-steel spacers and
springs (all purchased from MTI Co), Li foil (Aldrich,
punched to 13 mm diameter discs) as the anode, and a
polypropylene separator (Celgard 2500; 19 mm diameter).
The electrolytes used in all cells are conventional ether-based
electrolytes, with 1.85 M LiCF,SO; (99.995% trace-metal
basis, Sigma Aldrich) salt and 0.1 M LiNO; (Acros Organics)
additive in a mixture of 1,2-dimethoxyethane (DME, Acros
Organics) and 1,3-dioxolane (DOL, Sigma-Aldrich) solvents,
mixed at a 1:1 volume ratio. The additive and salt were
transferred to the glovebox upon receiving without any
modification. The amount of electrolyte used in the coin
cells was 30 uL. The fabricated Li—S coin cells were rested for
4 h and were conditioned at C/10 and C/S cycles (two cycles
each) prior to long-term cycling at C/2, where 1C = 1675 mA
h/g. The long-term stability of these coin cells was tested by a
galvanostatic charge—discharge experiment in a Li—S battery
potential window of 1.8—2.7 V (vs Li/Li") using a Maccor
cycler (4000 series). The discharge capacity of the cells was
calculated based on the weight of sulfur. The CV measure-
ments were carried out using a Gamry (reference 1000)
potentiostat.

In Operando FTIR Cell Assembly and Electrochemical
Testing. To build the in operando FTIR cell, we transferred
the FTIR puck to an argon-filled glovebox and the coin cell
assembly was replicated on the extended range diamond
crystal. For this cell, we used 45 uL of the electrolyte, the
cathode (CNFs, SCNFs, S80DIB20/CNFs, and S30DIB70/
CNFs), a Celgard separator, and a Li metal anode (10 mm
disc). The stainless-steel spacer was replaced with a trilayer Ni
foam (MTI Co). The cell was sealed using a coin cell top,
vacuum grease, and a Kapton tape. The in operando cell was
then transferred outside the glovebox and was connected to a
Gamry reference 1000 potentiostat. The stainless-steel puck
was used as the current collector for the cathode, and an Al foil
strip was attached to the top of the coin cell to connect the in
operando cell to the Gamry potentiostat. We used the pressure
anvil on the FTIR instrument to apply pressure to the cell and
ensure a good contact inside the cell. For collecting CVs, we
first rested the cell for 1 h at an open-circuit potential. The
CVs were collected at a scan rate of 0.02 mV/s between 1.8
and 2.7 V (vs Li/Li*) for three cycles. The collected series
were then analyzed using macros in the Omnic software
package, and each spectrum was corrected using background,
baseline, and advanced ATR corrections, as explained before.

B RESULTS AND DISCUSSION

Sulfur-Rich Copolymer Characterization and Electro-
chemical Behavior. The sulfur-rich copolymers with 90, 80,
50, and 30 wt % of sulfur were synthesized using the inverse
vulcanization reaction. To identify these polymers, throughout
the article, we have used SxDIBy, where x and y are wt % of
sulfur and the monomer, respectively, and y = 100 — «. Figure
la shows the TGA results for these polymers from room

temperature to 700 °C. As can be seen in this figure, the onset
temperature for sulfur decomposition does not change upon
changing the sulfur wt % in the copolymers. Based on these
results, the wt % of sulfur in the copolymers for SS0DIB20 and
S90DIB10 can be confirmed using TGA. However, the weight
loss % of SS0DIBS0 and S30DIB70 nearly overlap. In both of
these copolymers, a ~60% weight loss was observed. Although
similar results have been reported in the literature for sulfur
copolymers containing S0 wt % of sulfur,”® no possible
explanation is provided. This behavior might be related to
formation of a stronger C—S peak in these copolymers, which
prevents the decomposition of the C—S bond and sulfur
evaporation in these copolymers. In order to confirm the sulfur
weight % in these copolymers, we further conducted scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) on these copolymers (Figure S2). Based
on the results (Table S1), the sulfur contents of SSODIBS0 and
S30DIB70 are ~53.89 and ~31.41 wt %, respectively, which
are very close to the wt % used for the reactions, as described
earlier in the Experimental Methods section.

To characterize the crystalline structure of the copolymers,
XRD spectra of the copolymers were collected, and the results
were compared with that of pure sulfur powder (Figure 1b).
The XRD results showed a significant difference between the
crystalline structure of these copolymers with decreasing sulfur
wt % (ie., increasing monomer wt %). The S90DIB10 and
S80DIB20 samples show a semicrystalline structure, and some
crystalline sulfur peaks are present. This can be attributed to
the existence of unreacted (not bound to carbon) sulfur or can
be simply a result of long-chain bridging sulfur that is not
terminated with carbon. This means that the sulfur atoms in
long-chained copolymers can undergo the unzipping process
mentioned previously in ref 49. For SSODIBS0 and S30DIB70
copolymers, a completely amorphous material is observed.
XRD also confirms that a significant change in the copolymer
properties occurs when the sulfur wt % decreases to 50 and 30
wt %. Figure 1c shows the DSC curves of the SDIB copolymers
and sulfur (Sg) powder as the reference. The samples were first
heated up to 150 °C, then cooled down to —90 °C, and again
heated to 150 °C. This experiment was repeated for 3 cycles,
and Figure 1c shows the result of the first heating cycle. The
sulfur powder shows two melting peaks at 110 and 119 °C.
The first peak at 110 °C can be ascribed to the solid—solid
transition of sulfur from the orthorhombic crystal to the
monoclinic crystal, The second peak is the solid—liquid
melting peak at 119 °C. In the following cycles, however, only
one melting peak at ~120 °C was observed.”” The copolymers
S90DIB10 and S80DIB20 also show a small melting peak at
~116 and ~112 °C, respectively. These melting peaks
disappear in the subsequent heating cycles shown in the
Supporting Information (Figure S3a,b). This indicates that the
unreacted sulfur could polymerize with the DIB monomer in
the first heating cycle. Similar results are also reported in ref
49. Moreover, the T, values of the copolymers were obtained
from the DSC curves. The T, values of —12, =7, 21, and 28 °C
were obtained for S90DIB10, S80DIB20, SS0DIBS0, and
S30DIB70 copolymers, respectively. The DSC results show
that the T, of the copolymer increases with decreasing sulfur
chain length. The presence of melting peaks in the DSC curves
of S90DIB10 and S80DIB20 but the absence of the melting
peaks in SSODIBSO and S30DIB70 could be related to the
presence of a small amount of unreacted sulfur. This could be a
result of the unzipping process explained before. On the other
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Figure 2. FTIR result of copolymers with the C—S peak region highlighted in yellow.

hand, the absence of the melting peak confirms the complete
crosslinking and transformation to amorphous material in the
case of S50DIB50 and S30DIB70 copolymers. Based on the
XRD and DSC results, we can confirm that there is no loose
sulfur in the SSODIBSO and S30DIB70 copolymers, and the
sulfur chain lengths in these copolymers are significantly
shorter than those of S90DIB10 and S80DIB20.

To confirm the formation of the C—S bond in the
copolymers, we conducted FTIR spectroscopy. The result of
these experiments is shown in Figure 2. The peaks at 692 cm™
correspond to the C—S bond, and the peak at 465 cm™ is
attributed to the S—S bond in these copolymers. As a
reference, we have the S—S peak in elemental sulfur at ~464
cm™'. It is worth mentioning that the C—S peak at 692 cm™
for S90DIB10 shifts to higher wavenumbers when the sulfur wt
% decreases from 90 to 80, 50, and 30 wt %. A possible
explanation for such shift in the C—S peak position is the
decrease in sulfur chain length.

To evaluate the electrochemical behavior of these
copolymers, we fabricated cathodes with electrospun CNFs
as the host material and sulfur copolymers with varying sulfur
wt % as the active material. We used the ultrarapid hot-press-
assisted melt diffusion technique, previously developed by our
lab, as a simple method to diffuse copolymers into the CNF
host."® Figure 3 shows the representative SEM for two
different cathodes—S80DIB20/CNFs and S30DIB70/CNFs.
Based on the SEM pictures, the copolymer is well distributed
throughout the CNF host material.

Figure 4 shows the CV scans of the cathodes made from
S80DIB20, SS0DIBS0, and S30DIB70. The details of cathode
fabrication can be found in our previous report.”” As can be
seen in the figure, when S80DIB20 powder is used, two
reduction peaks at ~2.3 and ~2.0 V appear, which represent
the formation of higher- and lower-order lithium polysulfides
and lithium organo-polysulfides. Lower-order polysulfides are
defined as Li,S, (x = 1, 2) for the purpose of this study in
order to differentiate them from their more soluble counter-
parts. These peaks are similar to sulfur reduction peaks at ~2.3
and 2.0 V shown in Figure S4. Upon decreasing the sulfur
concentration from 80 to 50%, the intensity of the 2.3 V
reduction peak decreases significantly, implying that the
formation of high-order polysulfides and high-order organo-
polysulfides is reduced. With further decrease in the sulfur wt
% to 30 wt %, the reduction peak at ~2.3 V disappears. The
disappearance of the peak at ~ 2.3 V suggests that the
formation of high-order lithium polysulfides is avoided, which

a)

Figure 3. SEM pictures of (a) CNFs, (b) S80DIB20I/CNFs, and (c)
S30DIB70/CNFs used as cathodes in coin cells and in operando cells.

we believe is attributed to the existence of a short sulfur bridge
chain length in S30DIB70 (Figure 4). Cathodes using
S80DIB20 and S30DIB70 were fabricated into coin cells and
were cycled at C/2. Cycling performance (Figure S8) shows
that lower weight percentage of sulfur yields much more stable
capacities, while higher weight percentages showed much more
capacity fade. This suggests that a higher-sulfur-percentage
active material is much more susceptible to polysulfide
formation. On the other hand, the S30DIB70 cathode shows
a much better cycle life (over 1500 cycles). It is also important
to note that the capacity of the S30DIB70 active material is
significantly lower than that of S80DIB20. This arises from the
lower sulfur chain length of the S30DIB70 active material. To
test our hypothesis, we designed in operando FTIR cells and
monitored the C—S bond an S—S bond (in polysulfides) in
real time during battery cycling for copolymers with varying
sulfur wt %.

In Operando Spectro-Electrochemical Investigation
of Sulfur-Rich Copolymers in Li—S Batteries. Figure 5
shows the scheme for the in operando cell designed in our
lab.** It is worth mentioning that the facile design of the
operando cells used in this study has two important and unique
features. The first one is the ATR accessory used, which also
acts as a positive current collector. The second feature is the
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free-standing CNF mat used as a sulfur host, which does not
require the addition of binders and can be used without the Al
current collector, which would otherwise block the IR
spectrum and prevent the collection of appropriate intensity
signals. The in operando cell assembly, geometry, and
parameters (including electrolytes) mimic actual coin cell
batteries used for testing Li—S cell performances. Figure SSa,b
in the Supporting Information shows the CV and FTIR spectra
obtained for a blank cell, respectively. A blank battery cell is a
cell without any sulfur-based active material, and the cathode
used in these cells is only the CNF. The CV results confirm
that the electrolyte does not contribute to any capacity in the
cells. Moreover, the FTIR spectra of the blank cells show that
the FTIR peaks of the electrolyte do not shift with change in

the cell potential. Therefore, any changes to be seen in the
FTIR spectra of the SDIB-based Li—S cell during cycling will
be solely due to the changes in bands of the active material.

As the next step, we selected two copolymers with
significantly varying sulfur wt % for in operando IR studies—
S80DIB20 and S30DIB70. Previous studies such as ex situ
NMR study and other reports in refs 51 and 52 showed that
decreasing sulfur wt % in an inverse vulcanization reaction
results in formation of copolymers with a lower sulfur bridging
rank. Based on the XRD, DSC, and FTIR results, we observed
significant differences between the crystalline structure and
thermal properties of these copolymers. Therefore, for the in
operando cell, we decided to use S80DIB20 and S30DIB70
copolymers, which represent copolymers with a high-sulfur
chain length and low-sulfur chain length, respectively. As
reference, Figure 6 shows the FTIR spectra for the blank cell
and a representative SDIB cell at both open-circuit voltage
(OCV) and at 2.3 V. We label two relevant fingerprint regions
that we carefully monitored and evaluated via in operando
spectroscopy as we discharged and charged the cell for three
cycles—(1) region around ~695 cm™, highlighted in purple,
representing the C—S vibration from the copolymer, and (2)
region around ~500 cm™, highlighted in orange, representing
the S—S stretching from polysulfides. As seen in Figure 6, the
peaks in these regions do not interfere with any peaks from our
electrolyte (shown in the blank cell).

In Operando IR Study on Evolution of the C-S
Vibration in Sulfur Copolymers. We first focus on the
evolution of the C—S peak as a function of cell potential.
Figure 7a shows the CV data collected in operando/during cell
cycling for the S80DIB20 copolymer, and Figure 7b presents
the corresponding IR spectra between 685 to 710 cm™" during
discharge in the first cycle. We see a clear blue shift in the C—S
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material and (b) C—S region in the FTIR spectra collected simultaneously.

peak position of S80DIB20 as the cell is discharged from 2.7 to
1.8 V. We believe that this shift can be attributed to the
lithiation of the organic moiety of the copolymer and decrease
in sulfur chain length during discharge. In other words, the
formation of C—S—...—Li (lithium organo-polysulfides) with
various sulfur chain lengths at different depths of discharge
(DODs) is responsible for the changes in the C—S peak
position. This can be explained by looking at the electro-
negativity numbers of the atoms involved. As the cell is
discharged, Li cation-terminating ions with lower electro-
negativity (~0.98), compared to sulfur (electronegativity:
~2.58), become closer to the C—S peak in the copolymer.
As a result, the C—S peak becomes stronger and shifts toward
higher wavenumbers.

12333

Another important conclusion from this figure is that the
C—S peak does not disappear during the discharge process,
and therefore, we can conclude that the C—S peak in sulfur-
rich copolymers is not electrochemically active in the potential
window of Li—S batteries, that is, 1.8—2.7 V versus Li/Li*. It is
worth noting that this is the first ever study demonstrating the
evolution of the polymeric structure in sulfur-rich copolymers
during battery operation. Some studies have suggested that the
C—S bond of the sulfur copolymeric active material breaks
during the discharge and re-forms during charge.”*>> These
studies have proposed following electrochemical reactions for
such copolymers

RSS,SR + 2(n + 2)Li* < 2R + (n + 2)Li,S (1)
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RSSR + 4Li* < 2R + 2Li,S (2)

Note that in these equations, R is the organic part of the
sulfur-rich copolymers, and it changes based on the monomer
used in the reactions. In this work, R represents the DIB
monomer used in the inverse vulcanization reaction; n is the
sulfur chain length in the copolymer, also referred to as the
sulfur bridging rank, in the current study. Based on the results
provided so far, we concluded that the C—S bond in the sulfur
copolymers is not electrochemically active in Li—S batteries.
Therefore, we can conclude that reactions 1 and 2 proposed in
several studies cannot represent the electrochemical behavior
of the sulfur-rich copolymers. As a result, depending on the
sulfur chain length in the copolymer, we propose that one of
the following electrochemical reactions takes place in Li—S
batteries with the sulfur copolymer active material.

High sulfur chain length, first discharge

RSS,SR + (21 + 2)Li* + (2n + 2)e” — 2RSLi + nLi,S
(3)

High sulfur chain length, subsequent charge and discharge

8mLi,S < 16mLi* + 16me™ + mS, (4)

12334

RSS, SR + (2k + 2)Li* + (2k + 2)e” < 2RSLi + Li,S
(%)
Low sulfur chain length

RSSR + 2Li" + 2e~ < 2RSLi (6)

It is worth mentioning that the based on these equations, the
sulfur chain length determines the formation and amount of
Li,S at the end of discharge. If n > 0, then based on eq 3, b
moles of Li,S will be deposited as the discharge product. The
formation of Li,S will lead to formation of loose sulfur in the
subsequent charge (eq 4). In addition, the sulfur chain length
in the copolymer will change based on the amount of loose
sulfur produced. In this regard, it is shown that having 38 wt %
DIB in the SDIB copolymer is thermodynamically favorable
DIB.>* For low-sulfur chain length (where n = 0), the charge
and discharge reaction pathways would follow eq 6,
consequently, no Li,S, and as a result, no loose sulfur is
formed.

Moreover, another conclusion drawn from the study by Lee
et al. using ex situ solid-state NMR was that the sulfur bridging
rank remains constant at various cycles.”' Based on their work,
the discharge product of the SDIB copolymer is the lithium
organo-polysulfide species along with Li,S. In the charging
step, they proposed that the SDIB copolymer with same sulfur
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Figure 10. S—S peak evolution in the polysulfide region for the (a) S80DIB20 copolymer active material and (b) S30DIB70 active material.

bridging rank is formed, and overall, the electrochemical
reaction in such copolymers is reversible. To investigate this
claim, we have correlated the C—S bond peak position with the
cell potential. To do so, we have extracted the C—S peak
position from each spectrum at any given potential. The C—S
peak position versus voltage for the first cycle for S80DIB20/
CNF samples is presented in Figure 8a,b. As shown in these
figures, for the discharge step, the C—S peak shifts from 695 to
704 cm™L. On charging, this peak shifts back to 697 cm™L. The
cyclic shift confirms the S—S bond breakage within the sulfur
bridging chains and the formation of organo-lithium
polysulfides during reduction (discharge) and re-formation of
the copolymer during oxidation (charge). However, these
results also show that the C—S peak position does not fully
recover after charging, which we believe, can be attributed to
the formation of a copolymer with different sulfur chain
lengths compared to the initial copolymer. A similar trend is
observed for the second cycle (presented in Figure S6).

On the other hand, when S30DIB70, with presumably
smaller sulfur chain length, is used as the active material, the
C—S peak position shifted from 700.5 to 704 cm™" only. Based
on the results presented in Figure 9a,b, the C—S peak position
at OCV in S30DIB70 (700 cm™) is considerably lower
compared to that in S80DIB20 (695 cm™), confirming a
significant decrease in the sulfur chain length and consequently
a shorter-chained organo-polysulfide even at the start of the
discharge. Moreover, the overall shift in the C—S peak position

(3.5 cm™) is much lower than the S80DIB20 copolymers (9
cm™), another evidence for the presence of smaller sulfur
bridging chain length at the start of discharge. This is
consistent with the CV results that showed disappearance of
the higher-order polysulfide peak. Figure S7 shows the C—S
peak position of the S30DIB70 copolymer versus the cell
voltage for the second cycle, confirming a similar trend and
reversibility of the electrochemical reactions in this copolymer.

In Operando Study on Lithium Polysulfide Evolution
in Sulfur Copolymers. In this subsection, we investigate the
evolution of the S—S bond in a region between 460 and 530
cm™'. We believe that because of the long sulfur chain length
in the S80DIB20, the formation of loose lithium polysulfide
alongside the organo-lithium polysulfide would be inevitable.
On the other hand, the disappearance of this peak in the
S30DIB70 copolymer with significantly smaller sulfur chain
length might arise from the elimination of long-chain
polysulfide formation. Therefore, we monitored the S—S
bond evolution in the region between 460 to 530 cm™". Figure
10a shows the in operando FTIR spectra of the S80DIB20
copolymer in this region. The peak at ~517 cm™" is assigned to
—CF, bending from the electrolyte.”> Therefore, this peak does
not shift during reduction/oxidation and is independent of cell
potential changes. However, as shown in Figure 10a, a new
peak appears as the cell is discharged (highlighted with red
arrows). Based on a previous study in our group and another
study by Saqib et al., this new peak at ~506 cm™ is attributed
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to the formation of higher-order lithium polysulfides.’”*® This
broad peak shifts to the lower wavenumbers as the cell is
further discharged. This red shift in this region suggests further
reduction of higher-order polysulfides to lower-order poly-
sulfides. During discharge, as the sulfur chains become shorter,
the polar Li terminal atoms get closer to the central S—S bond,
thereby weakening the (S—S) bond strength. For the sake of
comparison, we have provided the CV and in operando FTIR
result of the cell with the Sg active material (instead of SDIB)
in Figure S8, which matches in trend with the SDIB spectra
shown in Figure 10a. Based on this comparison, we can
confirm that polysulfides are formed when a copolymer with
high sulfur chain length is used. In the first discharge, the S—S
bond cleavage takes place, according to eq 3, where organo
lithium polysulfides are formed along with Li,S. In the first
charge, the formation of Li,S results in formation of loose
sulfur, and the sulfur chain length in sulfur-rich copolymer
changes subsequently (eqs 4 and 5). The formation of loose
sulfur and polysulfides results in formation of loose lithium
polysulfides, as evident from the FTIR spectra of the
S80DIB20 copolymer.

Figure 10b shows the in operando FTIR spectra for shorter
sulfur bridging chain length copolymer, S30DIB70. It is
evident from this figure that no polysulfide peak is observed in
the polysulfide region, further corroborating that formation of
polysulfides in S30DIB70 is eliminated. This finding is
consistent with the CV curve, showing the absence of the
2.3 V peak. These results confirm that the S30DIB70
copolymer, benefiting from the low sulfur chain length, follows
eq 6, where the sulfur copolymer is reduced to organo-lithium
polysulfides in discharge and oxidizes to the same sulfur
copolymer in the reverse reaction, with no loose sulfur/lithium
polysulfides formed.

Another confirmation for this hypothesis is shown in Figure
S8a—d, where the charge—discharge curves and cycling
stability of the S80DIB20/CNF (Figure S8a) and
S30DIB70/CNF (Figure S8b) copolymers are compared. As
shown in this figure, the potential profiles of the S80DIB20/
CNF cell are very similar to those of the pure sulfur, with a
plateau at ~2.3 V (vs Li/Li*). On the other hand, this plateau
is not found on the potential plateau of the S30DIB70/CNFs.
Moreover, the cycling stability of the S80DIB20 active
material, presented in Figure S8c, shows a relative cycling
stability up to 650 cycles; however, the S30DIB70 copolymer
remined stable up to more than 1500 cycles (Figure S8d). We
believe that this remarkable improvement is related to the
absence of loose lithium polysulfides in the S30DIB70
copolymers. It is also important to note that the relatively
low capacity in S30DIB70 might be related to the lower sulfur
wt % in the S30DIB70 copolymers. A detailed calculation of
the theoretical capacities provided in the Supporting
Information shows that the decreasing the sulfur chain length
results in a lower Coulombic efficiency of the sulfur copolymer.

While we acknowledge that the capacity reported here is low
compared to that of the sulfur cathode, however, we want to
emphasize that cathode optimization in terms of contact
between the active material and conductive carbon becomes
more important using an active material with such a high
monomer wt %. The result of this study provides fundamental
understanding of the sulfur copolymers and paves the way to
synthesize novel chemistries with different sulfur chain lengths.
Depending on the application, moderate capacity and long

cycle life can be advantageous, and a mechanism for tuning the
capacity versus cycle life parameter has been shown.

Based on our results, the long sulfur briefing units between
the organic moieties of the copolymer would inevitably result
in formation of loose lithium polysulfides and their subsequent
shuttling. On the other hand, a full sulfur immobilization can
be realized through an optimization of the sulfur chain length
in the S30DIB70 copolymer.

B CONCLUSIONS

In summary, we have investigated the electrochemical behavior
of sulfur-rich copolymers using in operando FTIR spectroscopy.
To the best of our knowledge, this study is the first in operando
work to understand the reaction mechanisms of sulfur
copolymers. We demonstrated FTIR spectroscopy as a tool
to investigate the cyclic changes in the C—S peak position and
S—S bond stretching vibrations at different voltages within the
voltage window of Li—S batteries for two different copolymers.
Changing copolymer sulfur weight percent changed the sulfur
bridge lengths between DIB monomers and had a significant
effect on the CV results. The reduction peak at ~2.3 V
associated with formation of long-chain polysulfides present in
S80DIB20 disappeared when S30DIB70 was used as the active
material. Long-term cycling demonstrated that S30DIB70 had
slower capacity fade in comparison to higher-weight-percent-
age copolymers. In situ IR revealed the presence of long and
intermediary chain polysulfides in S80DIB20 during discharge
that was not present in lower-weight-percentage copolymers.
This leads us to conclude that longer sulfur bridge lengths lead
to the formation of long-chain polysulfides which are soluble
and lead to shuttling. In contrast the shorter sulfur bridge
lengths of low weight percentage copolymers are unable to
form soluble polysulfides. The reduction reaction of these
shorter-chain length copolymers leads directly to solid Li,S,
and Li,S, and with no intermediary polysulfides, leading to a
lack of redox peak at ~2.3 V, stable cycling for 1500 cycles, and
no polysulfide signal in in situ IR. Moreover, comparing the
FTIR results of S80DIB20 and S30DIB70 copolymers, we
show that the C—S peak in these copolymer shifts to higher
wavenumbers when the cell is discharged. The C—S peak shift
is 9 cm™ for the S80DIB20 copolymer. This shift decreases to
4 cm™' for the S30DIB70 copolymer. The cleavage of
intermediary S—S bonds in SDIB leads to the blue shift of
the C—S peak. In SDIB copolymers with higher weight
percentage of sulfur, this shift is larger due to the removal
during discharge of a larger number of electronegative sulfur
atoms and the strengthening of the C—S bond. In lower-
weight-percent SDIB copolymers, the smaller sulfur bridge
chain length both prevents the formation of soluble
polysulfides and leads to a smaller shift in the peak position
of the C—S bond. Additionally, in the S—S stretching region,
several peaks appear for the S80DIB20 copolymer when the
cell is discharged, while no peak is observed for S30DIB70.
These two observations confirm that the polysulfide formation
can be avoided by simply decreasing the sulfur wt % (or sulfur
bridging length). By keeping sulfur bridge lengths less than
four sulfur atoms long, the shuttle effect is mitigated via
anchoring by inactive C—S bonds at the end of the chain and
insolubility of the remaining one or two sulfur atom
polysulfides in the middle of the chain. A stable cycle life of
1500 cycles was achieved when S30DIB70 was used as the
active material.
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