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ABSTRACT

In this work, we investigate the possible role of host material porosity in performance of Li-S bat-
teries, when sulfur-rich copolymer is used as an active ingredient in the cathode. We synthesized
a freestanding cathode material using electrospun carbon nanofibers (CNFs) and poly(sulfur-random-
1,3-diisopropenylbenzene)/SDIB (with some residual unreacted sulfur) and used it without adding any
binders or current collectors. To study the effect of porosity of CNFs, two different porous samples, mi-
croporous (miCNF) and mesoporous (meCNF), were designed. When miCNF was used as a host material,
the capacity stabilized to 577 mAh/g within 50 cycles and remained stable up to 600 cycles with a small
capacity decay rate of 0.046% per cycle along with an excellent coulombic efficiency of >98% throughout
the 600 cycles. On the other hand, SDIB-meCNF cathodes delivered a stable capacity of ~600 mAh/g with
negligible decay. However, the stability only lasted for 145 cycles. Despite the positive effect of C-S bond
formed in SDIB active material, we hypothesize that the porosity of the cathode host still plays a signif-
icant role not only due to residual unreacted Sg in the original cathode, but also due to additional loose
soluble -S,- chains that emerge from S-S bond breakage in C-S-S,-S-C (SDIB) over the course of cycling.
Moreover, using the effective capacity calculation, we compared the discharge capacity of our cathode to
other works on sulfur rich copolymers at C/2 and C/5 rates. The effective capacity analysis clearly man-
ifests the advantages of using current-collector and binder-free electrospun CNFs as a host matrix for

SDIB.

© 2020 Published by Elsevier Ltd.

1. Introduction

The capacity and energy density of Li-ion batteries has reached
their theoretical limit [1]. Among the newer technologies, Li-S bat-
teries are closer to commercialization [2]. The Li-S battery uses sul-
fur instead of heavy metals used in Li-ion batteries, which has a
tremendous environmental impact [3]. The metal oxides used in Li-
ion batteries are heavy and expensive, where sulfur is a byproduct
in refineries which makes it cheap and abundant [4]. Li-S battery
offers a theoretical gravimetric energy density of ~2500 Wh/kg,
which is more than five times higher than Li-ion batteries [5].
Despite these advantages over Li-ion batteries, there are several
challenges impeding the commercialization of Li-S batteries. These
challenges include: (1) Insulating nature of sulfur and Li;S (2)
polysulfide shuttling phenomena (3) mechanical failure as a result
of expansion due to the conversion of Sg to Li,S. Several strate-
gies have been employed to solve the mentioned challenges in
different ways. For example, different host materials can be de-
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signed to reduce the lithium polysulfide shuttle challenge [1,6].
Various host materials such as carbonaceous [7], metal oxides, sul-
fides and nitrides [8,9], polymers [10,11], and metal-organic frame-
works [12] have been studied in the past. Electrolyte modification
is another area of research where an additive, co-salt or co-solvent
is added to the electrolyte to tune the Li* ion diffusion, viscos-
ity, polysulfide dissolution rate or formation of a stable solid elec-
trolyte interphase [13-15]. All the strategies mentioned above uti-
lize pure elemental sulfur (Sg) as the active material. Covalent fix-
ing of sulfur to unsaturated carbon- carbon or heteroatoms bonds
has been recently considered as a promising approach to improve
the electrochemical properties of sulfur cathodes. In this regard,
several inorganic compounds, such as selenium and phosphorus
sulfides, organosulfur compounds and sulfur-embedded polymers
have been studied [16]. In 2013, a new class of sulfur-rich copoly-
mer was synthesized by Pyun et al. [11]. A process termed “inverse
vulcanization” reaction was used to react a monomer with sulfur
at temperatures higher than its ring opening temperature.

In 2014, first study on sulfur-rich copolymer based Li-S bat-
teries was published [17]. The general hypothesis was that the
C-S bond formed as a result of sulfur diradical stabilization, can
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chemically bind the lithium polysulfides formed during cycling,
which would significantly decrease the shuttling phenomena. In
this work, 10 wt% 1,3-diisopropenylbenzene (DIB) was used, and
the slurry of poly(sulfur-random-1,3-diisopropenylbenzene) (SDIB)
copolymer (75%), carbon black and binder (25%) was coated onto
carbon coated aluminum foil and was used as the cathode. The
battery showed a high initial capacity of 1100 mAh/g at C/10 which
was reduced to 823 mAh/g after 100 cycles [18]. Although the
work demonstrated relatively low cycle life, it showed that the
sulfur-rich polymers fabricated via inverse vulcanization reaction
could be a potential candidate to stabilize sulfur in cathode side
and reduce shuttling in Li-S battery. Inspired by this idea, a hand-
ful of studies were conducted using inverse vulcanization reaction
to fabricate sulfur-rich copolymers focusing on the use of differ-
ent monomers with various functionalities [17,19-22]. For exam-
ple, sustainable cardinal based benzoxazine have been studied as a
monomer for inverse vulcanization reactions, where a sustainable
electrode material is synthesized and tested as a cathode in Li-S
batteries [23,24]. However, to the best of our knowledge, none of
the studies discuss the role of cathode host material in enhancing
the polysulfide suppressing functionality of such chemically-bound
active material. Moreover, all of these cathodes are powder-based
resulting in a need for additional dead weight from binding agents,
a separate heavy (3-5 mg/cm?2) current collector (Al foil), and ex-
tensive slurry processing to fabricate the cathode.

In this work, we aim to study the possible effect of host poros-
ity when sulfur rich copolymers are used as active material. We
have designed a freestanding, binder-free cathodes using the SDIB
copolymer and carbon nanofiber (CNF) mats. To study the effect of
porosity, we used electrospinning method to fabricate porous CNFs
[25]. Two different samples were fabricated, miCNFs with high mi-
cropore volume and relatively small mesopore volume and meC-
NFs with similar microporosity, but significantly higher mesopore
size and volume. Using electrospinning, we have eliminated the
need for insulating binders used in conventional slurry processing.
The binders can block the pores of the host material and result in
a sluggish cathode morphology. Therefore, our electrospun porous
CNFs can act as a model to truly investigate the effect of poros-
ity without having changes in morphology of the cathode upon
cycling. As a reference, we also made sulfur-based cathode mate-
rial which lasts for less than a hundred cycles, whereas our SDIB
cathode material showed a capacity loss for the first couple of cy-
cles but then remained very stable up to 600 cycles. The result
of our electrochemical experiment shows that miCNFs can help us
achieve higher capacity retention. Even though as we confirm with
TGA, the copolymer is not incorporated in the pores, but we be-
lieve that the existence of loose sulfur (i.e., unreacted) and C-S-
Sn-S-C breakage, results in the gradual formation of lithium poly-
sulfides, that can be trapped in micropores of the CNFs. Because
the copolymer is not confined in the pores, the lithium polysulfide
trapping mechanism is very similar to the effect of microporous
interlayer as reported in the literature [26]. Our results also sug-
gested that as we move towards a higher mesopore size and vol-
ume, the electrolyte accessibility increases, and higher capacity can
be achieved. However, the higher capacity means higher polysul-
fide formation and need for entrapment. Moreover, the existence
of the larger mesopores in meCNFs possibly leads to easier escape
of the formed polysulfides, resulting in early capacity fade in bat-
teries [25,27,28]. Our results show that optimization of the pore
structure is necessary to maintain cycling stability, concluding that
there are loose sulfur and polysulfides in our system. We believe
that this loose sulfur is originated from unreacted sulfur in the ini-
tial material and additional loose sulfur formed during cycling. In
addition to the host porosity study, the effective capacity calcula-
tion clearly confirms the advantage of our SDIB-CNF cathode com-
pared to the reported values based on the powdered/slurry-based
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sulfur-rich copolymer cathodes in literature. In this regard, we ad-
justed the discharge capacity of the batteries based on the total
weight of the cathode by considering the additional weight of the
binders, conductive material, and heavy current collectors, that are
used in other studies.

2. Experimental methods
2.1. Fabrication of CNFs and porous CNFs

Electrospinning technique was used to prepare CNF, miCNF and,
meCNF samples as reported previously by our group [25]. Briefly,
for CNF samples, 10 wt% polyacrylonitrile (PAN, average MW:
150,000, Sigma-Aldrich) was dissolved in N,N-dimethylformamide
(DMF, Sigma Aldrich) overnight. For miCNF and meCNF samples,
PAN and dried LIQION (Nafion, Liquion 1105, lIon Power Inc.) in a
ratio of 40:60 and 30:70 with a total solid concentration of 18%
and 25%, respectively, were used. The solutions were then electro-
spun with the following conditions: Distance between aluminum
foil grounded collector and needle tip (22 gage stainless steel nee-
dle, Hamilton Co.) was between 15 and 16 cm, applied voltage was
around 9-10 kV, relative humidity inside the spinning setup was
kept below 20% and the solution flow rate was set to 0.2 mL/h
using a syringe pump (New Era Pump Systems, Inc.). After elec-
trospinning, the mats were first stabilized in a convection oven at
280 °C for 6 h in air. The stabilized mats were carbonized in a tube
furnace (MTI Corporation) at 1000 °C for 1 h (with a heating rate
of 3 °C/min) under continuous nitrogen flow.

2.2. Fabrication of SDIB copolymer

To prepare the SDIB powder, 2.7 g sulfur (Sigma, 100 mesh) in a
vial was melted at 180 °C (&2 °C) using an oil bath and was stirred
using a magnetic stirrer. When the sulfur solution changed color
from yellow to orange, 734 pL (0.675 g) 1,3-Diisoprpenylbenzene
monomer (DIB, TCI) was added and stirred until the solution be-
came very viscous. The sulfur to monomer ratio in this reac-
tion was calculated to achieve a sulfur-rich copolymer with 20
wt% monomer (DIB) and 80 wt% sulfur. The copolymer was re-
moved using a spatula and cooled down to room temperature in
the fume hood. A glassy red block of solid material was obtained
and grinded into a fine powder. As a reference, to better under-
stand the effect of adding the DIB monomer, we synthesized heat-
treated sulfur using the same procedure but without adding the
DIB monomer. All the material characterization was carried out us-
ing the copolymer powder unless specified otherwise.

2.3. Physical characterization

To analyze the morphology and structure of the samples, scan-
ning electron microscopy (SEM) (Zeiss Supra 50 VP) was used. For
elemental mapping of the cathode energy dispersive spectrometer
(EDS; Oxford) coupled with SEM device was utilized. Thermogravi-
metric analysis on sulfur powder, heat-treated sulfur, SDIB powder,
and SDIB-miCNF cathode was carried out on a Q50 TGA (TA In-
struments, New Castle, DE), under a steady flow (60/40) of N, and
heating rate of 2.5 °C/min from room temperature to 700 °C. To
analyze the pore shape, size, and volume for meCNF and miCNF
samples, Nitrogen adsorption-desorption experiments were carried
out at 77 K on an automated gas sorption analyzer (AutoSorb
iQ2, Quantachrome Instruments). The samples were degassed at
200 °C overnight under vacuum, and NLDFT model was used to
calculate the pore size and volume and samples. X-ray diffraction
(XRD) was collected using a X-ray Diffractometer (Rigaku Smart-
Lab) to analyze the crystal structure of the samples. The infrared
spectra of the samples were collected using a Fourier transform
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infrared (FTIR) spectrometer (Nicolet iS50, Thermo-Fisher Scien-
tific) using an extended range diamond ATR accessory. A deuter-
ated triglycine sulfate (DTGS) with a resolution of 64 scans per
spectrum at 8 cm~! was used and all the spectra were further cor-
rected with background, baseline correction and advanced ATR cor-
rection in the Thermo Scientific Omnic software package. It should
be noted the for postmortem FTIR study, we transferred the FTIR
puck inside the glovebox and sealed the cycled cathode so that the
cathode was not exposed to air during the FTIR experiment. The
structure of the copolymer was confirmed by HNMR spectroscopy
(500 MHz) using a Varian Unity Inova NMR systems spectrometer
with [D]chloroform as solvent.

2.4. Li-S cells fabrication and electrochemical testing

SDIB powder and sulfur powder (for reference) were used as
active material for cathode preparation. The miCNF and meCNF
mats were dried overnight at 140 °C and punched into discs us-
ing a punch with area of ~0.855 cm?2. The weight of CNFs used
in this study was controlled between 0.95 to 1.25 mg, and SDIB
copolymer incorporated was 1.2 to 1.4 mg. Based on the weight
measurement and TGA results, an absolute sulfur loading of 0.96
to 1.1 mg is achieved. The final sulfur loading on each cathode was
11 to 1.3 mg/cm? and 45-50 wt%. Ultra-rapid sulfur melt diffu-
sion method was used to incorporate sulfur within the nanofibers,
as introduced by our group previously [27]. Briefly, the desired
amount of copolymer/sulfur was added on top of the punched
nanofiber mats and sandwiched between two weighing papers and
heat pressed at 155 °C by applying a slight pressure (pressure
<200 psi). The heat press time was optimized based on SEM pic-
tures, and 2 min and 50 s treatment were used for copolymer and
sulfur, respectively. The cathodes were then flipped so that the
copolymer/sulfur incorporated side was kept away from the sep-
arator and faced the coin cell. The CR2032 (MTI Corporation) coin-
type cells, lithium foil anodes (Aldrich; 11 mm diameter), S/SIDB-
cathodes, a polypropylene separators (Celgard 2500; 19 mm di-
ameter), 3 layers of nickel foam (MTI Corporation) as spacer and
30 pL electrolyte were used to assemble the Li-S battery cell in a
argon-filled glove box (<1 ppm O, and H,0). The electrolyte used
in all coin cells was consisted of a 1.85 M LiCF3SO5 (Acros Organ-
ics) as salt, 0.1 M LiNO3 (Acros Organics) (as an additive) and a
mixed solution of 1,2-dimethoxyethane (DME, Acros Organics) and
1,3-dioxolane (DOL, Acros Organics) at a 1:1 vol ratio as solvents.
All Li-S coin cells were rested for 6 h before electrochemical test-
ing to equilibrate. After resting, the cells were conditioned at C/10
for (two cycles) and C/5 (one cycle) (where 1C = 1675 mAh/g) and
then cycled at C/2 rate. Similarly, the cells cycled at C/5 were con-
ditioned at C/10 for two cycles. Prolong cycling experiments were
performed using a MACCOR (4000 series) battery cycler at differ-
ent C-rates between 1.8-2.7 V. Cyclic voltammetry (CV) tests at dif-
ferent scan rates from 1.8 to 2.6 V was carried out using a poten-
tiostat (Gamry reference 1000).

3. Results and discussion

The sulfur-rich copolymers were synthesized using inverse vul-
canization technique. In brief, 2.7 g sulfur powder was heated to
185 °C to open the Sg rings. Then, 734 pL 1,3-diisopropenylbenzene
was added to the melted sulfur and stirred until the reaction was
completed (details in experimental section). After cooling down to
room temperature, a glassy red copolymer was obtained, which
was further grinded into a fine powder. The weight ratio be-
tween the sulfur and DIB monomer in the reaction was 80:20
wt%. Rheological measurements and solid-state NMR studies in lit-
erature attempted to calculate the sulfur rank between the DIB
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monomer units [29,30]. Rheological measurements show that us-
ing this weight ratio, there is ~10 bridging sulfur between the
DIB units [29]. Based on the study in reference 29, the sulfur
rank changes form ~10 to ~1, as the monomer wt% increases from
20% to 65%. Moreover, the average sulfur bridging rank between
the DIB units can be calculated assuming that the reaction be-
tween sulfur and DIB monomer is completed. This average sulfur
rank (n) is calculated based on the wt ratio of monomer to sul-
fur (55528 - = 23, where mwpgis the molecular wight of the
DIB monomer), resulting in an average sulfur rank of 9.89 which is
close to the reported values from literature.

To study the effect of porosity of CNFs on the cycling and
capacity of Li-S cells, two different porous samples were de-
signed using the PAN: Nafion weight ratio as 4:6 (miCNF) and
3:7 (meCNF). Electrospinning method followed by heat treatment
was used to prepare these freestanding porous CNF mats. Fig. 1a
and b show the SEM picture of the electrospun miCNF and meCNF
fibers after thermal treatment. The SEM picture shows that fibers
exhibit a smooth surface with interfiber voids (macrostructure).
The average diameter of the fibers for miCNF and meCNF is
279 and 266 nm (measured using Image ] software), respectively.
The Brunauer—Emmett—Teller (BET) N, gas adsorption-desorption
and pore size distribution for the porous CNF samples is given in
Fig. 1c and 1d. As shown in the figure, both the miCNF and meCNF
nanofiber samples exhibit type IV isotherms, where the amount of
adsorbed N, gas slowly increases at relatively high pressure. The
hysteresis that appeared at a relative pressure between 0.4 to 0.6
confirms the presence of slit-shaped mesopores in both samples
[25,26,31].

To determine the surface area, total, micropore and mesopore
volume of the samples N, desorption at 77 K was used, and a den-
sity functional theory (NLDFT) model was employed. Fig. 1d shows
the pore size distribution of miCNF and meCNF samples. From the
figure, it is clear that both samples have a similar amount of mi-
cropore size and volume. However, although both the miCNF and
meCNF samples have similar mesopore size of around 2-4 nm, the
meCNF sample has a significant amount of mesoporosity that is
larger in diameter (5 nm) which is absent in the miCNF sam-
ple. In other words, the mesopore structure of the meCNF sample
ranges from 2 to 7 nm where the miCNF sample has the mesopore
size from 2 to to 5 nm only. The porosity of both samples is from
decomposing Nafion as a sacrificial polymer, as reported in our
previous work [25]. As mentioned before, using the density func-
tional theory model, total pore volume for miCNF and meCNF sam-
ples is ~0.773 cm3/g and ~0.467 cm?3/g, respectively (see table 1).
While meCNF has larger mesopores compared to miCNF samples,
the mesopore volume of two samples is calculated to be 0.502
cm3/g and 0.275 cm3/g, respectively, which shows that despite
having a similar microporous structure, the mesopore volume and
size is considerably higher in meCNF samples. Moreover, the free-
standing nature of the fibers eliminates the need for a binder and
allows a better comparison and study on the effect of porosity,
since the binders can significantly affect the morphology and pore
structure of the sample [27].

In order to characterize the sulfur-rich copolymer, HNMR was
used to confirm the formation of the C-S bond from inverse vul-
canization and to prove the existence of aromatic and aliphatic
functional groups from the DIB monomer. Fig. 2a shows the HNMR
spectrum of the SDIB copolymer using chloroform D as solvent.
The peaks at 7.27 ppm and 1.57 ppm correspond to -chloroform
and water [32]. The peaks at 6-8 and 1-2 ppm (except for
1.57 ppm) is because of the presence of an aromatic ring and
methyl protons in the structure of the copolymer [19]. Moreover,
the resonances between 2.9 and 3.4 ppm are from the methylene
peaks present in DIB monomer backbone that are bonded to the
sulfur units. As it can be seen, the peaks from methylene protons
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Fig. 1. SEM images of a) meCNFs and b) miCNFs; c) BET N, adsorption-desorption curves and d) Pore size distributions for meCNFs and miCNFs.

Table 1

Parameters of porous surface area and pore volume for meCNF and meCNF.

Sample  BET surface area (m? /g) Vit (€M?/8)  Viicro (CM3[8)  Vimeso (cm?/g)
meCNFs 674.5 0.773 0.271 0.502
miCNF 641 0.467 0.192 0.275
(a) Chloroform (b) ——monomer
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Fig. 2. a) HNMR spectra for SDIB copolymer; b) FTIR spectra of the sulfur powder, SDIB copolymer, and heat-treated sulfur which is molten sulfur, cooled from 180 °C to

room temperature without adding DIB monomer.

are shifted to the higher side as a result of C-S bond formation
[29].

To better understand the structure of the sulfur-rich copolymer,
Fourier-transform infrared spectroscopy (FTIR), was carried out for
four samples (i.e., sulfur powder, heat-treated sulfur, DIB monomer,
SDIB copolymer) and the results are shown in Fig. 2b. The heat-
treated sulfur used in FTIR, TGA and XRD experiments, is synthe-

sized by increasing the temperature of the sulfur powder until an
orange/light red color is achieved, followed by cooling the viscose
liquid to room temperature. Heat-treated sulfur can be used as a
reference for characterization because the synthesis method is the
same as SDIB copolymer without the addition of DIB monomer. In
this figure, the peaks at 464 cm~! and 843 cm~! are assigned to
the stretching vibrations of S-S bond in sulfur powder and heat-
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Schematic 1. Synthesis scheme of the SDIB copolymer and the fabrication process of the SDIB-miCNF and SDIB- meCNF cathodes.

treated sulfur [33,34]. By comparing the IR spectra of sulfur pow-
der and heat treated sulfur, it is clear that sulfur heat treatment
did not change the S-S peak position in the IR spectrum. The as-
signed S-S peak was shifted to 465 cm~! in SDIB copolymer, and
another peak appeared at 498 cm~!. We believe that the appear-
ance of the new peak originated from the vibrations of the S-S
bond attached to the carbon in the copolymer. The shift might
be because of the existence of the higher chain length polysul-
fides in the polymer [35]. Based on previous reports, C-S stretching
bond in organosulfur compounds appears between 600-800 cm~!
[35-37]. There are also some studies where they have shown the
existence of this peak between 1000 and 1200 cm~!. In SDIB
copolymer, the strong peak at 696 cm~!, and 1013 and 1125 cm™!
are assigned as C-S stretching bond in sulfur-rich copolymer [38]. It
should be noted that these peaks are absent in the IR spectrum of
the DIB monomer and they are similar to the previously reported
C-S bond in literature [38,39]. The peaks at 1582 and 1589 cm~! in
SDIB copolymer are related to the existence of C=C and shows that
there is a trace of unreacted monomer in the synthesized copoly-
mer [40]. The appearance of the three peaks, at 696 cm~!, and
1013 and 1125 cm~1, in the IR spectrum of the SDIB, further con-
firms the formation of the C-S bond in the inverse vulcanization
reaction.

Schematic 1 shows the synthesis schematic for preparing SDIB-
miCNF, SDIB-meCNF cathodes. We used ultra-rapid melt diffusion
technique to infuse the sulfur-rich copolymer (SDIB) powder into
the punched CNF mats [27]. In this technique, desired amount
of SDIB powder is sprinkled on mi/meCNFs and heat pressed at
155 °C for 2 min by applying a slight pressure (<200 psi) in a hy-
draulic heat-press. This technique allows us to incorporate the SDB
copolymer into the CNF mat in only 2 min, avoiding the compli-
cated and long processes that are often used in literature. More-
over, it enables us to achieve a controlled SDIB loading (based on
the amount of sprinkled SDIB before heat press) and reduce the
amount of time and energy otherwise used in reported studies
such as melt diffusion, vacuum infiltration and solvent evaporation
in slurry processing. Fig. 3a shows the SEM image and elemental
mapping of the cathodes after SDIB incorporation. As can be seen
in this figure, SDIB copolymer is deposited on the nanofiber and
between the fibers, as well. Also, it is shown in elemental map-

ping that the sulfur is well distributed on the cathode. Thus, the
macroporous structure of the CNF mat facilitates the very rapid in-
corporation of the SDIB powder (in only 2 min) and, provides space
to accommodate the volume change of the active material upon
charging and discharging the battery (lithiation and de-lithiation).

The freestanding nature of the fibers eliminates the need for
polymer binders and heavy current collectors. In conventional
cathodes, binders are considered as dead weight added to the cath-
ode which has a negative impact on battery performance by in-
creasing the internal resistance and lowering the energy density
[41]. Moreover, as a part of eliminating conventional slurry pro-
cessing, there would be no need to use N-methyl-2-pyrrolidone
(NMP) solvent which is known to be a reproductive and develop-
mental toxin [42].

Fig. 3b shows the thermogravimetric analysis (TGA) curves for
sulfur powder, heat-treated sulfur, SDIB, and SDIB-miCNF cathode.
The sulfur powder shows a steep weight loss between 150 and
245 °C and the heat-treated sulfur is slightly shifted to the left.
The very small decrease in decomposition temperature of the heat-
treated sulfur compared to the sulfur powder might be because of
the ring opening polymerization of elemental sulfur (Sg), which re-
sults in the formation of long chains, hence, requires lower energy
for decomposition. SDIB sample shows the same weight loss pat-
tern as the sulfur powder and heat-treated sulfur. Based on the
TGA result, the formation of C-S bond in sulfur-rich copolymer
did not change the thermal stability of sulfur in SDIB copolymer.
Moreover, TGA curves confirm the formation of SDIB copolymer
in a ratio of 80:20 (sulfur:DIB) wt%. After SDIB incorporation on
miCNF, sulfur decomposition started at lower temperatures (com-
pared to the SDIB). The decrease in decomposition temperature
after heat treatment could be attributed to the increased surface
area of the SDIB copolymer incorporated to the CNF mat, which re-
sults in more efficient heat transfer in TGA [43]. Our lab reported
a similar trend when sulfur powder was incorporated (as active
material) using ultra-rapid melt diffusion method [27]. Moreover,
from the TGA curves, we can also conclude that the SDIB parti-
cles are distributed on the nanofibers and within the macroporous
structure of the CNFs. The single weight loss profile confirms that
SDIB active material is not incorporated inside the micropores of
the miCNF nanofiber [15]. XRD was performed to investigate the
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Fig. 3. a) SEM image and elemental maps for SDIB-miCNF cathode, b) TGA curves of the sulfur powder, heat-treated sulfur, SDIB, the SDIB-miCNF cathode and c) XRD results
for heat-treated sulfur and SDIB copolymer, heat-treated sulfur is molten sulfur cooled from 180 °C to room temperature without adding DIB monomer.

crystal structure and possible phase change of sulfur after the ring
opening reaction. As depicted in Fig. 3¢, the XRD pattern for heat-
treated sulfur and SDIB powder are very similar to the pure sulfur.
This indicates that the ring opening reaction of the sulfur did not
change the sulfur phase and the orthorhombic structure of sulfur
still exists. Moreover, the SDIB powder retains the crystalline struc-
ture after covalent C-S bond formation, which can be supported by
the existence of pure sulfur peaks (at ~23, ~26, ~28 and ~29 de-
grees) in XRD pattern of the SDIB copolymer [19,38]. The similarity
between the XRD pattern of elemental sulfur and SDIB copolymer
powder suggests the existence of sulfur crystalline domain in SDIB
copolymer or existence of some unreacted sulfur embedded in the
SDIB copolymer [44,45]. Diez et al. showed the existence of a melt-
ing peak in the first heating cycle of the DSC experiment [46]. The
observed small peak in the DSC curve was attributed to the ex-
istence of a trace amount of unreacted sulfur embedded in the
SDIB copolymer. Based on the PXRD and DSC results of the SDIB
copolymer, the authors concluded that the unreacted sulfur exists
in a very small amount. Moreover, Wadi et al. demonstrated the
partial depolymerization of SDIB at concentrations of DIB< 30 wt%
[38]. The reason behind the depolymerization and formation of the
loose sulfur was attributed to the formation of the long chain sul-
fur, and incomplete termination with the cross linker (DIB units
here). Based on the XRD results shown in Fig. 3c, we expect the
presence of a small amount of unreacted sulfur in the SDIB pow-
der.

For electrochemical testing, we prepared SDIB-miCNF, SDIB-
meCNF cathode materials using rapid melt diffusion technique.
2032 coin-type Li-S cells were fabricated using the cathodes with-
out addition of any binders and current collectors (details are in
the experimental section). Fig. 4a shows the cyclic voltammetry
(CV) curves of the SDIB and sulfur on miCNF at a scan rate of
0.1 mV/s. The CVs of the cathodes showed two reduction peaks
(cathodic peaks) and a broad oxidation peak (anodic peak), con-

firming the reversibility of the active material used in cathodes.
The two reduction peaks in S-miCNF at ~2.29 and ~1.95 V corre-
spond to the formation of higher and lower order polysulfides and
deposition of the end product (Li,S, and Li,S), respectively. On the
other hand, the broad anodic peak centered at ~ 2.4 can be at-
tributed to the reformation of the elemental Sg from reduced dis-
charge products (Li,S, and Li,S). Similarly, for SDIB-miCNF cath-
odes, two cathodic and one broad anodic peak were observed. The
two reduction peaks correspond to the formation of higher and
lower order lithium polysulfides along with the lithium organo-
polysulfides and the observed broad peak, shows the reversible ox-
idation of the discharge products, back to the elemental sulfur and
organo-sulfur copolymer [47]. The comparison between the CVs of
SDIB-miCNF and S-miCNF shows that the SDIB and elemental Sg,
exhibit very similar electrochemical reversibility and behavior. The
similarly in cyclic voltammetry could be due to the presence of
unreacted loose sulfur present in the initial material and/or due
to the long sulfur chain length within the DIB units resulting in
minimal effect on peak voltages as also seen in previous literature
reports [19,20,22,36]. However, a slight shift in the reduction and
oxidation shift can be seen in the figure. The reduction peak of the
SDIB- miCNF shows slightly lower onset potentials compared to
the S-miCNF cathode. A similar trend can be seen in the oxidation
peak, where the anodic peak in SDIB-miCNF is shifted to a lower
potential. The lower onset potential for the oxidation peak might
arise from the better re-utilization of the solid state and insulating
end products (i.e., lithium polysulfide and lithium organopolysul-
fide). It has been reported that the SDIB copolymer has a “plas-
ticizing” effect, which enhances the deposition and re-utilization
of the Li,S [17]. The Li,S final product has high activation energy,
and it is hard to be reused during the oxidation because of the
non-uniform distribution and aggregation on the electrode surface.
The large Li,S particles would eventually lose their electrical con-
tact with carbon and therefore cannot be reused, which results
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in loss of active material and high internal resistance in the bat-
tery [48,49]. Therefore, improved re-utilization of the insulating
end products can have a tremendous effect on the coulombic ef-
ficiency of the battery. This phenomenon is shown to have a high
impact on the cycling of lithium-sulfur batteries, and it is known
as the catalytic effect of the metal oxides and other additives/host
material on the performance of the battery [50].

Fig. 4b shows the Charge- Discharge profiles of the SDIB-miCNF
cathode material at different cycles evaluated at two different C
rates. Two clear voltage plateaus at ~2.3 V and ~2.1 V are present in
the discharge curves. The existence of these plateaus is attributed
to the two-step reduction of the solid-state sulfur-rich copolymer
higher order organo-polysulfides and then to the solid-state end
products (oragno lithium polysulfide and oragno lithium sulfide),
consistent with two reduction peaks shown in CV curves. Com-
paring the charge-discharge curves at different scan rate, we can
conclude that at higher discharge rate (when higher current is ap-
plied) the cathode polarization and the voltage hysteresis between
two curves increase [51].

Long-term cycling of the SDIB-miCNF and reference S-miCNF
at C/2 was carried out keeping all parameters such as electrolyte
amount, separator, etc. identical. For cycling at C/2 rate, all the
cells were conditioned at C/10 for 2 cycles and at C/5 for 1 cy-
cle. The cycle life of the SDIB-miCNF and S-miCNFis compared in
Fig. 5a. As can be seen in this figure, S-miCNF has a higher capac-
ity, but SDIB-miCNF exhibits better cycle life. The higher capacity
of S-miCNF compared to SDIB-miCNF can be explained by the for-
mation of organo-polysulfides in SDIB-miCNF, wherein one Li* ion

reacts with the organosulfur (C-S-Sp-Li). On the other hand, when
sulfur is used as the active material, polysulfides are formed when
two Lit ions react with sulfur (Li-Sy-Li). Despite the lower capac-
ity, SDIB-miCNF shows a long cycle life (600 cycles compared to
100 cycles in S-miCNF). The SDIB-miCNF cathode exhibited an ini-
tial capacity of ~905 mAh/g, which was stabilized to close to 600
mAh/g after 50 cycles. This capacity value remained stable with
a very small capacity decay rate of 0.046% per cycle and coulom-
bic efficiency of more than 98% throughout the 600 cycles. This is
possibly due to the C-S bond formation that binds the polysulfides
chemically by forming organo-lithium polysulfides and reduces the
shuttle effect. We believe when discharging the SDIB-miCNF cell,
the -S-Sp-S- bond present in sulfur-rich copolymer breaks and sul-
fur with different chain lengths are formed. This process takes
place in each cycle, and the loose sulfur (i.e., unreacted or not
bonded to carbon in sulfur-rich copolymer) are being formed grad-
ually with cycling (see Schematic 2). Note that the origin of this
loose sulfur could be due to two reasons 1) unreacted sulfur, 2)
formation of loose sulfur during each cycle due to S-S bond break-
age in SDIB. On the other hand, in S-miCNF, all the active material
is in the form of Sg ring and can react and form the polysulfide
immediately, once it is in contact with the electrolyte. We believe
that the slow rate polysulfide formation in SDIB-miCNF results in
more effective polysulfide adsorption by micropores of the miCNF
host. Hence, despite having the same host material and pore struc-
ture, the capacity of the SDIB-miCNF cathode remains stable, while
the capacity of the S-miCNF drops in less than 100 cycles.
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To investigate the effect of carbon nanofiber porosity, meCNFs
were used as host material, because of the larger mesopore size
and volume but similar micropore volume compared to miCNF (as
shown in BET results). We initially hypothesized that the larger
pore size of the meCNF would result in higher capacity (because
of the better electrolyte/active material contact) while, the higher
cycle life will be maintained because of the microporous struc-
ture. Fig. 5b shows SDIB-meCNF cathode performance. As expected,
the SDIB-meCNF cathode exhibited higher capacity which confirms
the higher sulfur utilization as a result of higher surface area and
larger mesopores provided for electrolyte (Lit ion) diffusion [52].
However, despite the higher sulfur utilization, the cycle life of the
cathode decreases significantly after 145 cycles. The SDIB-meCNF
cathode showed a stable capacity of 600 mAh/g but the stable ca-
pacity lasted for 145 cycles only. However, the capacity decreases
to 450 mAh/g after 200 cycles and coulombic efficiency is further
decreased to 95%. The obtained results show that the larger meso-
pore size and volume in meCNF sample acts as a two-edged sword;
On one side, the capacity increases because of the high sulfur uti-

lization. On the other side, the lithium polysulfides can easily es-
cape from CNFs because of the larger pore size provided. Hence, al-
though meCNFs has a microporous structure similar to the miCNF,
but, the larger mesopores results in higher polysulfide shuttle in
SDIB-meCNF cells. Our finding that optimally-sized pores are es-
sential to maintain cycling stability further suggests that there is
indeed loose sulfur and polysulfides in our system. As discussed
before, this loose sulfur could comprise of both unreacted sulfur in
the initial material and additional loose sulfur formed during cy-
cling.

Fig. 6a shows the cycling stability of SDIB-miCNF at C/5 rate.
As it can be seen in this figure the capacity decreases to ~572
mAh/g in first 100 cycles, but delivers a very stable capacity of
~520 mAh/g after 350 cycles (capacity retention of 91% from 100
to 350 cycles) and ~480 mAh/g after 450 cycles with coulombic ef-
ficiency being >97% throughout. Moreover, the rate capability test
was carried out and the SDIB-miCNF cathode was cycled at C/10,
C/5, C/2 and C/10 for 20, 30, 30 and 20 cycles, respectively. Fig. 6b
shows that the cathode exhibits a high discharge capacity of ~920
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mAh/g at first C/10 cycles, which decreases to ~800 mAh/g after
20 cycles. Moreover, a stable capacity of ~664 mAh/g after 30 cy-
cles at C/5 and a capacity of ~577 mAh/g after 30 cycles at C/2
was achieved. Also, it can be seen that after cycling at different C-
rates, the SDIB-miCNF cathode reached the capacity of ~747 mAh/g
at ¢/10.

The structural integrity of the SDIB-miCNF cathode material af-
ter long-term cycling is shown in Fig. 7a. It is clear from the pic-
ture that the SDIB-miCNF cathode preserved the continuous carbon
fiber structure even after long term cycling. The postmortem SEM
picture shows that the freestanding CNF mat can serve as a host
material in cathodes and can provide continuous electron path-
ways. Moreover, the preserved structure of the CNF, as well as the
existence of the copolymer between fibers, show that the macrop-
orous structure of the CNFs can accommodate the volume expan-
sion of the cathode upon cycling. Fig. 7b shows the FTIR spectrum
of the discharged cathode before (at OCV) and after cycling (at
fully discharged state). It is clear from this figure that the C-S bond
(located at ~700 cm~1) is present before and after cycling. This re-
sult shows that the C-S bond does not break during cycling, How-
ever, it shifts to higher order wavenumbers as a result of organo-
lithium polysulfide formation.

To understand the effect of the freestanding nature of our
cathode material we provide a mathematical method to analyze
and compare the powdered based cathode material from litera-
ture with our freestanding SDIB-CNF cathodes. To make a compar-

ison, we calculated the effective capacity values based on the total
weight of the cathode used in a battery. It is important to note that
in the real applications, the energy density of a battery plays a vi-
tal role and the energy density should be calculated using the total
weight of the cathode material in a battery (i.e., binders, conduc-
tive additives, current collectors and active material). In this regard,
calculating the effective capacity of a cathode helps us have a bet-
ter understanding of the capacity values reported in literature. To
calculate the effective capacity, we used discharge capacity of the
batteries based on powdered sulfur rich copolymers after 100 cy-
cles [20-22,44,47,53-58]. The following equation was used for the
effective capacity calculation:

Cs x Ws
Wt

(1)

Where Cgr is the effective capacity in mAh/g, ws is the sulfur
weight in cathode (mg), and w; is the total weight of the cathode
(mg) calculated using the equation below:

W — ws x 100
' fs

In this equation, f; is the sulfur weight percent in cathode, Ac
is the area of the cathode (cm?) reported in each study. The first
term in this equation represents the weight of the powder-based
cathode, which includes the active material (the sulfur-rich copoly-
mers used), conductive material and insulating binder. The second
term in Eq (2) accounts for the weight of the Al current collector

Cesr =

+ Acx 4 (2)
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used in the cathode fabrication. Weight of the current collector is
reported to be 3- 5 mg/cm? [59,60] so, for the sake of compari-
son, we assumed this weight to be 4 mg/cm? in all the studies.
Fig. 8 shows the effective capacity of our freestanding cathode and
some of the results reported in literature where sulfur-rich copoly-
mer powdered based cathodes are used. As it can be seen in this
figure, our freestanding cathode material offers higher effective ca-
pacity compared to other powdered based cathode materials.

Conclusions

In our work, we study and develop freestanding, binder and
current collector-free electrospun nanofibers as a platform to
understand the role of host porosity in sulfur-rich copolymer-
based Li-S batteries. Based on the XRD results presented, the
SDIB copolymer is expected to have some unreacted residual sul-
fur. To understand the effect of porosity two different samples
(miCNF and meCNF) were fabricated using electrospinning tech-
nique. When miCNF was used as a host material, after an initial
drop within 50 cycles, the capacity remained stable up to 600
cycles with a small capacity decay rate of 0.046% per cycle. On
the other hand, SDIB-meCNF cathode delivered a stable capacity of
~600 mAh/g with negligible decay for 145 cycles only. Addition-
ally, the control/reference cell with sulfur as the active material
(miCNF as host) showed a rapid decay in capacity in less than 100
cycles suggesting a clear advantage of sulfur-rich copolymers as ac-
tive material (over pure loose sulfur) due to the presence of C-S
bond leading to chemically bound soluble polysulfides. Based on
the electrochemical results obtained, we believe that the porosity
of the cathode host plays a significant role. This is because of the
emergence of loose soluble -S,- chains which arises from the S-
S bond breakage in C-S-S,-S-C when the battery is cycled as well
as from unreacted residual sulfur in the original cathode. Slower
polysulfide formation rate in SDIB-miCNF compared to S-miCNF
results in effective polysulfide adsorption by micropores in SDIB-
miCNF cathodes leading to substantial enhancement of cycling sta-
bility. We believe that as the pore size and volume increase in me-
CNFs, the electrolyte accessibility enhances, which results in rela-
tively higher capacity. However, this also potentially leads to eas-
ier escape of polysulfides and early capacity fade in SDIB-meCNF
based Li-S cells. Based on our results, engineering an efficient pore
structure and introducing functionalities to the host material is re-
quired to obtain higher cycling even when sulfur rich copolymers
are used as active material in Li-S batteries.
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