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ABSTRACT: Vinyl-benzaldehyde (VB) monomers containing four functional
groups were newly synthesized using the Williamson ether synthesis method.
The two aldehyde groups of the synthesized monomers were able to react with
amine-terminated macromonomers to form flexible networks. In addition, the
two vinyl groups were found to be capable of inverse vulcanization with sulfur
by conducting qualitative chemical analysis. The lithium—sulfur battery
prepared using the VB-based cathode binder achieved high specific capacity
with excellent capacity retention compared to conventional sulfur batteries,

demonstrating the potential of the new binder.

1. INTRODUCTION

Growing concerns about fossil fuel depletion and consequen-
tial environmental pollution have raised the need for
development of rechargeable batteries for long-range, long-
life all-electric vehicles." To meet the customers’ needs, battery
makers and auto industries are developing solid-state batteries
for all electric vehicles having high energy densities with good
capacity retention.”” Since a conventional metal oxide-based
cathode active material has a limitation of improving battery
capacity, various metal complexes have been used to overcome
these limitations. The most feasible substance is sulfur, and
thus, interest on lithium—sulfur batteries has increased
immensely.""® There are several advantages of using sulfur as
a cathode material since it is abundantly available on earth’
and relatively cheap, i.e, about 20% of the price of nickel
manganese cobalt oxide cathode active materials. Moreover,
sulfur is made up of eight elements forming a ring with a
theoretical specific capacity value of 1672 mA h g, which is
significantly higher than that of lithium iron phosphate (i.e.,
170 mA h g™'). However, there are some disadvantages in
infusing sulfur directly into the cathode because its electrical
and/or ionic conductivities are inherently poor. Especially,
excessive volume expansion or contraction can occur in the
sulfur cathode during charging/discharging, which is detriment
to the battery life, accompanied by poor charge retention,
resulting in premature battery failure.” In addition, the as-
prepared sulfur-carbon cathode does not have lithium ions
initially and thus the lithium metal anode has been customarily
used as a lithium ion source to continuously supply Li ions to
the sulfur-carbon electrode through a so-called “pre-lithiation”
process.”
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In a lithium—sulfur battery, lithium and elemental sulfur can
form various polysulfide derivatives following reduction
reaction during the discharging cycle.” The higher order
polysulfide that is transported to the anode reduces the
amount of active materials in the cathode, thereby com-
promising the battery performance caused by the formation of
solid electrolyte interface layer at the anode and resulting in a
decrease in specific capacity.'” To alleviate such problems,
various chemical and physical inhibition methods have been
actively pursued by encapsulating the periphery of sulfur with
carbon or inserting sulfur in porous carbon and/or in carbon
nanotubes.'"'” There are several methods for chemically
preventing the shuttling effect of the polysulfide derivatives,
such as making a chemical anchor or trapping lithium sulfide in
the form of nanometal oxide."”'* A typical chemical inhibition
method is inverse vulcanization, i.e., crosslinking sulfur chains
with macromonomer precursors containing carbon—carbon
double bonds."” The reason as to why the capacity retention is
improved by using the inverse vulcanization method is that the
amount of sulfur loss can be minimized via linking the low-
order polysulfide derivatives to the polymeric network.'®"”
Another approach is to use the sulfur-containing monomer. To
eliminate the polysulfide dissolution, recent studies on
applying C—S bonds, using short sulfur units in sulfurized
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polyacrylonitrile (SPAN) or organo-sulfur, have been exten-
sively explored.'®™%°

Recently, vinyl-benzaldehyde (VB) monomer has been
employed as a coupling agent to form the covalent organic
framework, which in turn can improve thermal and chemical
stability with potential applications in lithium—sulfur bat-
teries.”"”>> Alternatively, star-shaped macromolecules may be
synthesized through RAFT polymerization using the VB
monomer.”

In the present article, a new type of VB monomer was
designed and synthesized to develop cathode active material, in
which the two aldehyde groups could react with multi-armed
amine groups”* to form a flexible polymeric network, while the
other two vinyl groups further react with the sulfur chains via a
so-called “inverse-vulcanization”. Subsequently, the electro-
chemical performance of the inverse vulcanized sulfur cathode
is evaluated and compared with those of a conventional
lithium—sulfur battery. Research on improvement of ion
mobility has been actively conducted over the past few
decades.”*® The VB-sulfur inverse vulcanized cathode or the
cathode containing conventional sulfur was prepared, and their
electrochemical stability was investigated with dimethoxy-
ethane (DME)/dioxolane (DOL) solvent (1/1 ratio by
volume) in combination with thin gel polyelectrolyte (GPE)
membrane containing LiTFSI salt.

2. EXPERIMENTAL SECTION

2.1. Materials. To synthesize the VB monomer, 3-
allylsalicylaldehyde, 1,2-dibromoethane, potassium carbonate
(K,CO,;), dimethylformamide (DMF), sodium sulfate
(Na,SO,), and ethyl acetate (EA) were purchased from
Sigma-Aldrich and used as received. For the GPE polymer
precursor materials, trimethylolpropane ethoxylate triacrylate
(TMPETA), 2,2-dimethoxy-2-phenylacetophenone (DMPA),
1,3-dioxolane(DOL), and 1,2-dimethoxyethane(DME) were
obtained from Sigma-Aldrich, whereas lithium bis-
(trifluoromethane sulfonyl)imide (LiTFSI) was purchased
from Solvay. For the electrode materials, sulfur, poly-
(vinylidene fluoride) (PVDF, Mw of 534,000), and N-
methyl-2-pyrrolidone (NMP) were acquired from Sigma-
Aldrich. Lithium chip (600 pm) was purchased from MSE
supplies. MWCNT was kindly provided by LG Chem.

2.2. Synthesis of 2,2’-(Ethane-1,2-diylbis(oxy))bis(3-
allylbenzaldehyde). In order to synthesize the new VB
monomer, the Williamson ether synthesis method was adopted
to introduce the ether linkage reaction. 1 g (6.1 mmol) of 3-
allylsalicylaldehyde was poured into a flask with 20 mL of
DMF and stirred under nitrogen for 30 min. Subsequently,
0.84 g (6.1 mmol) of K,CO; was added and stirred for another
2 h, and then 0.57 g (3.05 mmol) of 2-dibromoethane was
added dropwise using a funnel at a constant rate for 1 h and
heated to 90 °C to allow the reaction in a nitrogen
environment for additional 10 h. Upon completion of the
reaction, DMF solvent was evaporated using a rotary
evaporator, and the remaining chemical was extracted by
washing with EA and DI water. After collecting the organic
layer substrate, Na,SO, was added and stirred to remove the
moisture and then filtered. The organic substrate was further
dried in a vacuum oven at 45 °C for 24 h, and the transparent
yellow powders were obtained; the yield of VB was 67%.

2.3. Inverse Vulcanization. 3 g of sulfur was melted in a
beaker at 185 °C to ensure the breakage of the octagonal sulfur
ring. Subsequently, 1 g of VB monomer was added and stirred

for 10 min. After cooling, the solution became a hard brown
solid at room temperature, which was transferred into EA and
stirred for 12 h and then filtered to remove unreacted VB
monomer. After drying in a vacuum oven at 45 °C for 12 h, the
conversion was over 90%. Fine powders were obtained by ball
milling for use as a cathode active material.

2.4. Preparation of Cathode Slurry. The slurry
containing 80 wt % of the inverse vulcanized sulfur cathode
was prepared by mixing with 10 wt % of PVDF and 10 wt % of
MWCNT uniformly dispersed in NMP. At this stage, the
viscosity of the resin slurry was between 5000 and 10,000 c-
Poise. This slurry was spread uniformly on aluminum foil using
a film applicator. Thereafter, it was dried in a vacuum oven at
120 °C for 24 h. After calendering by cross-rolling, the final
thickness was 50 + 2 um. For the purpose of comparison,
another cathode slurry containing 80 wt % of regular sulfur
powder, 10 wt % of PVDEF, and 10 wt % of MWCNT slurry
was prepared in accordance with the same procedures
mentioned above. At this time, the loading amount of
elemental sulfur in the inverse vulcanized cathode and
conventional sulfur cathode were 2.0° and 2.4 mg cm™?,
respectively.

2.5. Preparation of Gel Polymer Electrolytes. DME
and DOL were mixed in a volume ratio of 1:1 together with 1
M LiTFSI under the argon gas environment. Subsequently,
TMPETA containing 3 wt % of a DMPA photo-initiator was
added to the dissolved salt solution in the ratio of 20/80 wt %
of TMPETA polymer precursor/LiTESI dissolved in DME/
DOL and stirred for 12 h. The precursor solution was a
colorless, transparent viscous liquid. Thereafter, the precursor
melt mixture was poured directly onto the CNT-sulfur
cathode, which was already coated on the aluminum foil, and
then uniformly spread using a film applicator. Photopolyme-
rization was performed immediately by subjecting them to
uniform exposure to UV light at a wavelength of 365 nm and
an intensity of 10 W cm™ for 30 s. The thickness of the GPE
was about 30 ym with 15 mL g™ of the fixed electrolyte/sulfur
ratio.

2.6. Fabrication of Batteries. The specimen coated with
the cathode and GPE on the aluminum foil was cut to the area
of 1.0 cm? In order to assemble a battery, the aforementioned
electrode was moved to a glove box in an argon gas
environment. CR2032 coin cell batteries for the cyclic
voltammetry (CV) and charge/discharge cycler were prepared
using Li metal precut chip (600 pm thick) as electrode. The
linear sweep voltammetry (LSV) test was performed in the
lithium metal/GPE/stainless steel electrode configuration.

2.7. Measurements. In order to measure the melting
temperature (T,,) of the synthesized monomer, the amount of
S mg of a sample was collected from each sample, placed in a
DSC aluminum pan, and crimped it by encapsulation machine.
The sample was cooled to —50 °C from room temperature
with a reference pan using DSC (Q200, TA instrument) and
then held under the isothermal condition for 10 min. The DSC
was performed with a constant ramping rate of 10 °C min™" to
200 °C. "H NMR spectra were acquired by means of a Varian
500 MHz spectroscopy using deuterated chloroform as the
solvent. To analyze the VB-sulfur vulcanized crosslinked
material, Fourier transform infrared (FTIR) spectral analysis
was conducted using a Nicolet 6700 FTIR Spectrometer
(Thermo) with 32 scans at a resolution of 4 cm™ within the
range of 400—4000 cm ™.
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Figure 1. (2) Synthesis of VB monomer and (b) its inverse vulcanization for cathode active material along with their respective photographs in
powder forms (c) elastomer obtained via Schiff reaction with amine terminated Jeffamine T403.

The batteries containing sulfur cathode combined with GPE
were subjected to CV at room temperature using potentiostats
(Autolab, Mettom) to evaluate their electrochemical perform-
ance. Charge/discharge cycling was performed over the
potential range of a lithium—sulfur battery at different C
rates using an MTI 8-channel battery analyzer at room
temperature.

3. RESULTS AND DISCUSSION

First, VB monomers with two bonds and two aldehyde groups
and an ether linkage in the middle of the chain were first
synthesized following the Williamson ether synthesis
scheme””~*" of 3-alylsalicylaldehyde using 1,2-dibromoethane,
as depicted in Figure 1. For the application to lithium—sulfur
batteries, the double bonds of the synthesized VB monomer
were induced to undergo radical polymerization with sulfur, as
illustrated in Figure 1b, so that it could be used as the cathode
active material in lithium—sulfur batteries via inverse vulcan-
ization. In addition, as shown in Figure lc, the two aldehyde
groups have the ability to form imine groups by dehydration
and condensation reactions with amine groups to create
another polymer network, thus allowing for the preparation of
covalent organic network, as described in the Supporting
Information. Upon synthesizing the VB monomer, the yield of
the reaction was 67%. Figure Sla shows the NMR spectrum of
3-allylsalicylaldehyde, one of the chemicals used to synthesize
the VB monomer. In the NMR analysis, hydrogens that are

dependent on the benzene structure appear between 6 and 7.5
ppm. A single hydrogen attached to the carbon of the aldehyde
group appeared as a singlet at 9.9 ppm and the hydroxyl group
also appeared as a singlet at 11.3 ppm. The hydrogens in the
allyl group with double bonds appeared clearly below S.1 ppm.
Figure S1b shows the NMR characterization of the VB
monomer synthesized by the reaction of two 3-allylsalicylalde-
hydes with dibromo benzene. A new peak of ethylene group
from dibromo benzene appeared at 4.3 ppm. The hydroxyl
group bound to 3-Allylsalicylaldehyde was converted into a
hetero-linkage upon reaction with dibromo benzene, causing
the hydrogen peak at 11.3 ppm to disappear. Other
characteristic peaks were slightly shifted but did not deviate
significantly from their original positions.

Furthermore, as shown in Figure 2a, the FTIR spectrum of
the synthesized VB monomer no longer reveals the hydroxyl
peak of 3-allylsalicylaldehyde between 3000 and 4000 cm™,
indicating that the unreacted monomer was neatly removed,
leaving only the VB monomer that had completely reacted
with 1,2-dibromoethane. The vinyl group, which can react with
sulfur, was present at 5.1 ppm in the NMR spectrum. The
aldehyde group was located at 10 ppm in the NMR spectrum,
while a characteristic peak was found at 1677 cm™ in the IR
spectrum. To prepare the inverse vulcanized cathode active
material for lithium—sulfur batteries, the obtained VB was
reacted with sulfur and subjected to infrared spectroscopy
qualitative analysis. The peak of sulfur appeared in the 3500
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Figure 2. IR spectra of (a) VB monomer (2,2-(ethane-1,2-diylbis(oxy)) bis (3-allylbenzaldehyde) and (b) VB monomer after vulcanization with
sulfur (c) showing the depletion of C=C twisting from VB and (d) emergence of C—S peak indicative of the vulcanization reaction.

cm™ band, and carbon-sulfur bonds exhibited characteristic
peak® at 475 and 2375 cm™' (Figure 2b). The VB-sulfur
crosslinked material exhibits a distinct peak at 823 cm™
corresponding to the C=C twisting of vinyl group, implying
nearly complete consumption of the C=C double bonds
(Figure 2c,d) with the degree of conversion is over 90%.

To investigate the electrochemical performance of the
cathode active materials prepared from VB monomer, the
CR2032 type of lithium—sulfur battery cell was assembled.
The electrodes containing the VB-sulfur crosslinked material
contained about 3 mg cm™? of the effective sulfur, and the high
ionic conductive GPE (Figure S2a) was prepared by mixing a
polyethylene glycol-type precursor with 1 M of LiTFSI
dissolved in a 1,2-dimethoxyethane (DME)/1,3-dioxolane
(DOL) (50/50) solvent and then photo-crosslinking to form
a gel network between the lithium metal anode and the inverse
vulcanized sulfur cathode. The 25 pym thickness of GPE was
prepared by adding 45 pL of liquid electrolyte and adjusting
the weight ratio of the liquid electrolyte to the cathode active
material, i.e., sulfur to be 15 uL mg_l.

CV tests were performed on assembled between the lithium
metal anode and VB-sulfur cathode of the battery cell. In the
CV curve, the reduction and oxidation peaks of the inverse
vulcanized sulfur cathode were observed between 1.5 and 3 V
(Figure 3). At a scanning rate of 0.1 mV s™, a single oxidation
peak occurring at the cathode can be discerned at 2.6 V during
the battery charging cycle, whereas two reduction peaks
appeared at about 1.8 and 2.2 V during battery discharging.
Moreover, the five scans acquired at 0.1 mV s™* scan rate were
virtually overlapped suggestive of the fact that the redox
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Figure 3. CV of a battery assembled with DME/DOL plasticized
GPE with the VB-sulfur vulcanized cathode showing dual reduction
peaks at a scanning rate of 0.1 mV s™".

reaction of the inverse vulcanized VB-sulfur system was indeed
reproducible and reversible.’**

Next, the effect of inverse vulcanization on the sulfur
cathode on the electrochemical performance is demonstrated
in Figure 4a,b. The conventional sulfur cathode of the tested
battery was composed of a combination of elemental sulfur
powder without any treatment and PVDF binder and carbon-
based conductor for electron conduction. The prepared two
cathodes were subjected to galvanostatic charging and
discharging tests based on a lithium metal anode battery at a
voltage range of 1.7 to 2.6 V, which corresponded to the
oxidation and reduction potentials obtained from the CV
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Figure 4. Comparison of cyclic performances of lithium—sulfur batteries in various Li/GPE/sulfur cathode configurations: cyclic performance of
inverse vulcanized lithium—sulfur battery. (a) Cyclic performance of the referenced sulfur cathode battery at a 0.15 C rate showing rapid capacity
decay and (b) cyclic performance of inverse vulcanized lithium—sulfur cathode battery rate showing enhanced specific capacity with stable capacity

retention at 0.15 C.
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Figure S. Comparison of specific capacity and Coulombic efficiency of a battery (a) using neat sulfur electrodes and a battery (b) using VB-sulfur
vulcanized electrodes. The charge/discharge cycle evaluation was performed at the same rate of 0.15 C for both batteries. The corresponding
zoomed-in SEM micrographs after 57th cycles, showing (a—inset) phase separated structure suggestive of failed battery and (b—inset) smooth

surface morphology after 57th cycles, indicative of stable character.

shown in Figure 3. The battery with the VB-sulfur vulcanized
cathode was subjected to a constant current condition of 0.45
mA cm™?, while the battery with the reference sulfur cathode
was subjected to a current of 0.48 mA cm™ as it contained 3.2
mg of cathode active material. By comparing the charge and
discharge profiles from the 6th cycle to the 57th cycle shown in
Figure 4a, the initial capacity stabilized at a certain level of the
elemental sulfur in the cathode showed a sharp decrease in the
specific capacity as the number of cycles increased. In other
words, during the discharge process, sulfur was reduced to
polysulfide by combining with lithium ions, and the long-chain
polysulfide was dissolved in the liquid electrolyte, causing a
shuttle effect. It may be conjectured that the cathode active
material, i.e., sulfur, departed from the cathode.*>™3° Notably,
compared to the conventional sulfur cathode, the VB
monomer with inverse vulcanized sulfur not only showed a
higher capacity of the cathode active material, but the capacity
decayed very slowly with repeated cycles (Figure 4b).
Moreover, the dual voltage plateaus in discharge (reduction)
cycles virtually overlapped and persisted for all 50 cycles thus
tested, suggestive of improved charge retention. The observed
dual plateaus are typical features of conventional lithium—
sulfur battery, which are often attributed to the progressive
conversion of higher order solid elemental sulfur to lower
order soluble polysulfide derivatives during cycling.’® In
addition, the difference between the voltages at which
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oxidation and reduction are triggered gradually widens as
cycles are repeated. While the conventional sulfur battery
showed a difference of more than 0.2 V, the battery with the
VB monomer applied to the sulfur exhibited a difference of
only about 0.1 V, indicating that the improved charge and
discharge performance, which may be attributed to the
excellent compatibility of VB and sulfur.

Figure S illustrates the change in specific capacity and the
Coulombic efficiency over the cycle for a battery using
conventional sulfur and a battery using inverse vulcanized
sulfur and VB. Both batteries had an initial specific capacity of
about 1200 mA h g™' for the first few cycles, which
corresponds to the battery conditioning process, which then
stabilized at about 950 and 840 mA h g™'. With the
conventional sulfur electrode, capacity decay occurred rapidly
as charge and discharge cycles continued, resulting in a
capacity retention of approximately 46% after S0 cycles (Figure
Sa). This rapid decay can be explained by the lack of physical
and chemical barriers to prevent the migration of polysulfide in
conventional sulfur electrodes, resulting in a shuttling effect
that reduces the amount of cathode active material. The
Coulombic efficiency of both batteries exhibited high efficiency
after initial stabilization, but the charge/discharge efficiency
fluctuation exhibited greater variation for the conventional
sulfur electrode battery due to the noticeable decline in specific
capacity with each cycle.
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result of variation in C rate.

On the other hand, as shown in Figure Sb, the inverse
vulcanized VB-sulfur cathode revealed a capacity retention rate
of about 92% with less decrease in capacity over repeated
cycles. The inverse vulcanized VB-sulfur cathode, sulfur
attached to a C=C double-bond of the VB matrix can
undergo complexation with lithium ions, which suppresses the
polysulfide shuttle effect. Hence, lithium ions can travel back
and forth from cathode to anode readily, so the capacity
retention can be expected to improve (Figure 4b).'®%7 It
should be pointed out that the specific capacity data presented
here are calculated based on charge per unit mass of sulfur, the
actual loading of sulfur on a given electrode should be based
on the fraction of sulfur in the cathode material. Moreover, the
aldehyde groups in the ether-linked benzaldehyde residue can
effectively dilute (or reduce) the sulfur content and thus the
actual capacity value could be higher.

The SEM images in the insets of Figure Sa,b show the
surface morphology of the sulfur cathode of standard sulfur
cathode and VB-inverse vulcanized cathode after 12 h of
immersion in DME/DOL electrolyte. Note that batteries based
on conventional sulfur electrodes and VB-sulfur electrodes
were subjected to 57 cycles of charge/discharge testing and
then stopped during the discharge process to check for lithium
sulfide elution. The batteries were then disassembled, and the
electrodes were immersed in liquid DME/DOL electrolyte.

11841

The observed phase separated morphology suggests that most
of the unreacted active materials on the conventional sulfur
electrode have disappeared (or unreacted sulfur was extracted
by dissolving in DME/DOL solvent), leaving only the PVDF
and conductive carbon material. In contrast, the VB-sulfur
electrode showed a smooth electrode surface with only limited
of the active material, if any, disappearing after 57 cycles. This
indicates that the sulfur in the VB—vulcanized cathode is no
longer soluble in DME/DOL liquid electrolyte, thereby
retaining the smooth surface morphology. Consequently, the
shuttle effect can be suppressed sufficiently leading to the
stable capacity retention, which may be ascribed to the effect of
VB inverse vulcanization of the lithium sulfur cathode.

Of particular interest is that the VB-sulfur vulcanized battery
used in Figure 4b was still active; therefore, it was evaluated in
succession for an additional 250 cycles at a faster rate of 0.3 C
rate to determine cyclic stability.”®* Figure 6a shows the
charging and discharging profiles acquired every 50 cycles. The
voltage was scanned between 1.7 and 2.85 V to cycle the
charge and discharge processes with the current density of
about 0.9 mA cm ™2 The discharge curve revealed two distinct
plateaus in which the charge and discharge profile curves
virtually overlapped until 250 cycles, indicating that there is no
significant degradation of the VB-sulfur vulcanized cathode
active material due to the change in the applied C rate from
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0.15 to 0.3 C. However, at 0.15 C in Figure 4b, the starting
potentials of charge and discharge were not much different at
2.3 V. However, as the charging and discharging evaluation
rate increased, the charging starting voltage was close to 2.4 V
and the discharging voltage was 2.25 V, indicating a slight
difference in oxidation and reduction potentials as the C rate
increased.

Figure 6b shows a diagram showing the specific capacity and
the Coulombic efficiency of the same battery at 0.3 C rate. The
Coulombic efficiency (indicating the energy storage and
release efficiency) of the battery based on the VB-sulfur
vulcanized electrode was maintained at about 98% for
hundreds of cycles even at a faster rate of 0.3 C rate, proving
the excellent retention efficiency of VB-sulfur inverse
vulcanized lithium—sulfur battery with high specific capacity.*’
Since the battery cycling experiment was conducted after
testing at 0.15 C, no discernible capacity drop was noticed.
Following the initial 57 cycles at 0.15 C test, the starting
specific capacity at 0.3 C rate was about 600 mA h g™ After
subsequent 250 cycles, the capacity still remained at 85%
without any significant drop.

Lithium—sulfur batteries need to be tested at a variety of C
rates, as their capacity and energy density can vary greatly
depending on the rate of charge and discharge. Charging and
discharging at a high C rate provides the advantage of quickly
storing energy, though it also generates more heat inside the
battery, which can reduce the battery’s performance, whereas
charging and discharging at a low C rate can store a high
amount of energy but requires a longer time.""*> Therefore,
the charging and discharging tests of lithium—sulfur batteries
with VB-sulfur vulcanized electrodes at various rates were
conducted to derive the specific capacity, operating voltage,
and internal resistance, as shown in Figure 7, to explore the
optimal battery characteristics.

As shown in Figure 7a, charging and discharging at 0.05 C
rate resulted in the highest specific capacity of about 1200 mA
h g_l. This implies that as the C rate is gradually decreased, i.e.,
charging is performed at a slower rate, the specific capacity
improves, and the theoretical specific capacity of 1675 mA h
g~! may be achieved by charging at an extremely slow rate. On
the contrary, as the C rate gradually increases, the specific
capacity gradually decreases, with a specific capacity value of
about 685 mA h g™" at 0.3 C. The reason for a slightly higher
capacity value relative to that (600 mA h g™') in Figure 6 is
due to the self-recovery of the battery during rest following the
test at 0.15 C for initial 57 cycles. Of particular importance is
the fact that as the charge and discharge rate gradually
increased, the starting voltage of the discharge of the lithium—
sulfur battery gradually decreased from 2.4 to 1.5 V, and the
charging voltage gradually increased from 2.2 to 3.2 V.*> What
this means is that the internal resistance of the battery
increased, resulting in a gradual increase in the difference
between the starting voltage of charge and discharge. Figure 7b
presents the measured specific capacity and the Coulombic
efficiency as the charge and discharge tests were performed by
starting at 0.05 C and changing to various C rates up to 5 C,
and then reverting the charge and discharge tests back to 0.05
C. The results show a systematic decrease in the specific
capacity value of the battery as the charge and discharge rate
increased. In particular, when returned to 0.05 C, the charge/
discharge curve recovered close to its original position at 0.05
C, demonstrating the stable nature of the charge/discharge
cycling behavior of the battery with VB-sulfur inverse

vulcanized electrode. It should be pointed out that there is a
sudden drop in the Columbic efficiency in each step of
changing C rate. This observation may be due to fact that only
the materials at the electrode interface will be active initially,
and thus there may be some amount of sulfur in the bulk which
may not be accessible immediately. As a consequence, there is
slight delay in catching up in the Coulombic efficiency as
manifested in the sudden drop in Figure 7b.

As can be seen in Figure 7a, the variation of the discharge
voltage plateau with C rate shows the fairly consistent specific
capacity trends of VB-sulfur battery. The C rate-dependent
specific capacity is tabulated in Table 1 along with the

Table 1. Energy Density and Power Density of VB-Sulfur
Electrode at Various C Rates

VB-sulfur cathode voltage energy Power

C rate Specific capacity Plateau density density

(1/h) (mA h/g) (V) (W h/Kg) (W/Kg)
0.0S 1201 23,21 2762 138
0.1 1002 22,20 2255 225
0.3 685 2.1, 1.8 1439 432
1 533 1.8, 1.5 959 959
S 158 LS, 1.1 237 1185

corresponding reduction voltage plateau, energy density, and
power density. As the C rate decreases, the discharge time gets
longer, which gives more time for the charge transport to
complete. Consequently, the specific capacity and operating
voltage gradually improve. This indicates that the energy
density increases with increasing C rate, while the power
density, which is the parameter of energy density divided by
time, decreases. Therefore, the charge/discharge rate at which
the energy density and power density exhibit optimal
performance could be between 0.3 and 1 C, although this
may vary depending on the application requiring high power
output or sustained energy storage system.44’ > With this
potential performance, the new VB monomer can be expected
to be suitable as a cathode active material for high power, high
energy lithium—sulfur batteries via inverse vulcanization
reaction of VB with sulfur cathode.

4. CONCLUSIONS

In summary, a new monomer of VB type with two carbon—
carbon double bonds and two aldehyde groups was
synthesized. Using the Williamson ether synthesis reaction,
3-allylsalicylaldehyde and 1,2-dibromoethane were synthesized
in a one-step reaction, and the product (VB) was further
characterized by 'H NMR and FT-IR analysis. The two
aldehyde groups of the newly synthesized VB monomer could
be copolymerized with amine-based monomers to form
polymer networks, and the two carbon—carbon double
bonds could undergo radical polymerization. In particular, in
this study, the two carbon—carbon double bonds were reacted
with sulfur through inverse vulcanization and applied to
lithium—sulfur batteries, a next-generation battery.

What is notably interesting is that when this cathode is
combined with DME/DOL plasticized GPE in lithium metal
batteries, the redox characteristic peak of sulfur between 1.5
and 2.5 V in CV tests is continuously reproducible and highly
stable. In the charge/discharge test, a high specific capacity
value of about 950 mA h g_1 was obtained at 0.15 C, with an
excellent Coulombic efficiency of over 98% for S0 cycles,
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giving a superior capacity retention of about 92%. Long-term
charge/discharge cycle testing at 0.3 C for an additional 250
cycles also demonstrated a capacity retention of 85%. On the
other hand, for the conventional sulfur cathode, the specific
capacity decreased significantly from 840 to 390 mA h g™' as
the number of cycles increased, demonstrating that inverse
vulcanization of the sulfur cathode with VB plays an important
role in improving the specific capacity and maintaining
superior capacity compared to the conventional sulfur cathode.
It can be concluded that the electrochemical performance of
lithium—sulfur batteries strongly depends on the VB
vulcanized sulfur cathode utilized in this way, and the VB
monomer can point out the important role of inverse
vulcanization in lithium—sulfur batteries for high specific
capacity and good capacity retention over 300 cycles.
Therefore, VB monomers can be expected to have applications
in preventing the rapid capacity degradation of conventional
lithium—sulfur batteries and have the potential for selective
chemical reactions with various functional groups.
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