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HIGHLIGHTS GRAPHICAL ABSTRACT

e Facile and efficient synthesis of high-
sulfur-content S-C  composite is

reported.

e The process is based on a novel sol- @ j/ @
vothermal polysulfide chemistry in O @
NMP. @

o Efficient infiltration of S into C arises @ @ @
from strong polysulfide-C coupling. @

e Composite powders with S contents up @

to 90 wt% are successfully synthesized.
e The resultant composite cathodes ®
exhibit outstanding rate and cycle

performance.
ARTICLE INFO ABSTRACT
Keywords: A novel solvothermal polysulfide (PS) chemistry enables a facile and highly efficient process for synthesizing
Lithium-sulfur battery sulfur-carbon (S-C) composite powders containing up to 90 wt% S for high-performance Li-S batteries. Mo-

High sulfur content cathode
High loading electrode
Solvothermal polysulfide chemistry

lecular dynamics calculations and experimental analyses reveal the formation of PSs upon dissolution of
elemental S in N-methyl-2-pyrrolidone (NMP) at elevated temperatures and efficient infiltration of the PSs into
the carbon host driven by the strong coupling with the C surfaces. The coupling enables extensive contact be-
tween S and C in the composite, leading to promising electrochemical properties for Li-S battery applications. In
the power-type configuration, the composite cathodes having medium-to-high S contents (55 and 75%)
demonstrate stable capacity at high current densities up to 100C (1C = 1670 mA g~ '-S) and no capacity fade up
to 1000 cycles at 2C. In the energy-type configuration, a high-S-content and high-loading (90%-S, 4.2 mAh cm™2)
cathode shows a specific capacity of 1440 mAh g~ ! (86% S utilization) and 90% capacity retention after 300
cycles. This synthesis method enables significant advancement in realizing large-scale applications of Li-S
batteries.
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1. Introduction

The lithium-sulfur (Li-S) battery has attracted widespread attention
as a promising energy storage device because of its outstanding theo-
retical storage capacity of 1672 mAh g~ 1-S and specific energy of 2.6
kWh kg~ !-Li,S. More importantly, sulfur is naturally abundant, inex-
pensive, and environmentally benign [1-4]. Li-S batteries thus have
considerable potential for applications in large-scale energy storage.
Both the initial S cathode and the lithiated end-product, Li,S, are elec-
trically insulating. For overcoming this problem, it has been a common
practice to use nanostructured conductive carbon (C) materials as the
S-hosting conductive network [5-9]. However, high-surface-area carbon
materials typically have low density, which may lead to low energy
density of the electrode as a whole. Increasing the S content in the S-C
composite cathode is therefore imperative for achieving high energy and
capacity densities.

For achieving high energy density for Li-S batteries, two terms,
including high-S-loading (HSL) and high-S-content (HSC), have been
brought up in the literature. Although both terms favor the attainment of
high energy density, they fundamentally address different issues. As
illustrated in Scheme 1, the current collector in a battery plays the role of
providing a low-resistance pathway to electric current throughout a
battery. While being indispensable for large-format batteries, the cur-
rent collector is electrochemical inactive, and its presence is at the cost
of the energy density of a battery. The HSL concept is meant to dilute the
“dead volume” effect of the current collector by increasing the capacity,
i.e., the amount of S for Li-S batteries, per unit area of the electrode, as
illustrated by Schemes 1a and b. However, if the S content of the com-
posite particle is low, one requires a large quantity of the composite
particles in order to fulfill the designated capacity loading. As a conse-
quence, the energy density of the electrode remains low (Schemes 1c
and d). To truly accomplish high energy density of the electrode, one
needs to employ the HSC composite particles to reduce the total volume
of the active layer for achieving the same capacity loading (Scheme 1e).
Although there has been a vast number of reports investigating HSL
cathodes (areal capacity loading >4mAh em™2) [10-1 5], research on the
synthesis of HSC (S content >80 wt%) particles is substantially less.

The melting-infiltration (MI) method, in which S is melted under
vacuum and infiltrates a porous C host through capillary action, has
most commonly been adopted for synthesizing S—-C composite cathode
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materials directly from low-cost elemental S (Sg) [16-18]. Nevertheless,
the MI process is time-consuming because of slow diffusion of molten S,
and typically results in a S content no greater than around 60 wt%.
Higher S contents result in S agglomerates ouside the C particles. On the
other hand, Cheng et al. [19] synthesized a HSC (90 wt% S) material by
ball-milling a mixture of C nanotubes and S particles. Du et al. [20]
prepared a HSC material using an antisolvent process. Both cases took
the advantage of low-cost elemental S, but gave insufficient electro-
chemical performance (for example, specific capacities less than 800
mAh g~! at 0.1C). HSC cathode materials have also been obtained
through solution redox routes [21-24] in which NayS or NaS,03 were
subjected to oxidation/reduction to produce zero-valent S. However, the
starting salts are considerably more expensive than elemental S, and
costly purification steps are required to minimize contamination of
chemical residues, including oxidants and acids, which readily deteri-
orate the performance of the battery system. A combination of inex-
pensive raw materials and a simple process for manufacturing battery
electrodes is highly appreciated in the context of reducing the cost of
energy storage in large-scale applications. In this paper, we demonstrate
a facile and efficient process that, based on a novel solvothermal poly-
sulfide chemistry (SPC), enables the use of elemental S as the raw ma-
terial for synthesizing composite cathodes with S contents up to 90 wt%
and outstanding specific capacity and cycle stability.

2. Experimental
2.1. Synthesis of S-C composite powders

To synthesize the S-C composite particles, reaction solutions were
prepared using different mass ratios between carbon black (CB; BLACK
PEARLS® 2000, Cabot) and S powder (99.98%, Aldrich)—0.45:0.55,
0.35:0.65, 0.25:0.75, and 0.1:0.9—and by using N-methyl-2-pyrroli-
done (NMP, CsHgNO) as the solvent. The solutions, with a solid-to-liquid
weight ratio of 1:10, were placed in sealed containers and heated to 180
°C in an oil bath with constant stirring for 2 h, after which they were
naturally cooled to room temperature. The powders were collected
through filtration, washed with ethanol, and finally dried at 50 °C for 12
h. In one experiment, ethanolamine (ETA, C2H7NO), instead of NMP,
was used to prepare the composite powder with an initial CB:S ratio of
0.1:0.9 and a heating temperature of 160 °C.
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Scheme 1. Schematic elucidating the difference between high-sulfur-loading (HSL) and high-sulfur-content (HSC) concepts. (a)-(b) HSL addresses diluting the “dead
volume” contribution of a current collector by increasing the active-material (S) loading per unit area of electrode; (c)-(e) HSC addresses reducing the unfilled pores
within the S—C cathode particles. High-energy-density cathode can only be achieved by simultaneously taking into account of HSL and HSC, as shown in (e).
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2.2. Material characterization

Microstructural characterization was conducted using scanning
electron microscopy (SEM; JSM-7600F, JEOL) and transmission electron
microscopy (TEM; FEI Tecnai TF20, Philips). Pore size distributions
were determined through Barrett-Joyner-Halenda (BJH) analysis of Ny
adsorption (Micromeritics ASAP 2020). Powder X-ray diffraction (XRD)
was performed using a diffractometer (X-pert/Philips) with Cu K, ra-
diation. Surface analysis was carried out using X-ray photoelectron
spectroscopy (XPS, Thermo Scientific, Theta Probe). Thermogravimetric
analysis (TGA) was conducted on Rigaku Thermo Plus 2 TG8120 system
at temperatures from 30 °C to 1000 °C at 5 °C min~?! in an air atmo-
sphere with a sample loading of 10 mg.

2.3. Electrochemical measurements

The working electrodes were prepared by mixing 75 wt% S-C
nanocomposite, 13 wt% conductive additives (multiwall carbon nano-
tubes and super P), and 12 wt% poly-vinylidene-fluoride (PVdF) in NMP
to form a homogenous slurry, which was then coated onto an aluminum
foil having a graphitic coating layer. The slurry was then dried at 50 °C
for 24 h in a vacuum oven. To test the electrochemical properties, 2032-
type coin cells were assembled in an argon-filled glove box with Li foil as
the counter electrode. In some cases (for 90%-S cathode), a carbon
interlayer (~2 pm thick) between the cathode and separator was used.
The electrolyte, in an amount of around 10 pL g~!-S—C, was 1.0 M
lithium bis(trifluoromethane-sulphonyl)imide (LiN(SO2CFs3)2, LiTFSI;
99.95%, Aldrich) in a mixture solvent of 1,3-dioxolane (DOL; 99.8%,
Aldrich) and 1,2-dimethoxyethane (DME; 99.5%, Aldrich) (DOL:DME =
1:1, v/v) either with or without 3 wt% LiNOs. Galvanostatic char-
ge—discharge test was performed using a cutoff voltage range of 1.5-2.8
V (1.7-2.8 V when LiNOs is added) (vs. Li*/Li) with the MCN6410 Arbin
battery testing system. Specific capacity is expressed on the basis of the
mass of S.

2.4. Computation

All atomic structures, energetics, and electronic properties reported
herein were calculated using density functional theory within the
generalized gradient approximation and with the Per-
dew-Burke-Ernzerhof parametrization [25] for the
exchange-correlation functional. Computations were performed using
the Vienna ab initio simulation package [26]. The valence electron wave
functions were expanded in plane-wave basis sets, and the projector
augmented wave (PAW) method was used to describe the core-electron
interactions. The plane-wave cutoff energy was set to 550 eV for both
the geometric optimization and electronic property calculations,
whereas a cutoff energy of 400 eV was used for ab initio molecular dy-
namics (AIMD) simulations. For Brillouin zone sampling, only the T’
point was used in the AIMD simulations, and a 3 x 3 x 3 k-point mesh in
the Monkhorst-Pack scheme was employed in the geometric optimiza-
tion and electronic property calculations. During the AIMD simulations,
the equation of motion was integrating using the Verlet algorithm with a
time step of 1 fs, and the Nosé-Hoover thermostat was employed to
control the temperature of the simulated system.

3. Results and discussion

S-C composite powders with designated sulfur contents ranging from
45 to 90 wt% were successfully prepared by the SPC process. In all cases,
the synthesis method demonstrated an extremely high efficiency (within
1 wt% difference) in recovering the S initially introduced into the so-
lution (Fig. 1 and Fig. S1 in SI). As an example, when a powder mixture
with a S:CB weight ratio of 9:1 was initially introduced in the solution,
the resultant composite powder had a S content of 89.2 wt% (Fig. 1a).
(Because of the very small differences between the designated S
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compositions and the resulting S contents, for simplicity, the composite
powders will hereafter be referred to according to the designated S
content.) The specific surface area and pore volume were dramatically
reduced from 1364 m? g~! and 3.5 cm® g™ for the initial CB to 9.0 m?
g ' and 0.08 cm® g2 (Fig. 1b), respectively, for the final composite. The
dramatic reduction in the pore volume indicates that S efficiently in-
filtrates and occupies the pores within the CB particles. The resulting S in
the CB particles was in crystalline form (Fig. 1c). SEM analysis revealed
granular morphology (Fig. 1d) of the composite powder resembling that
of the initial CB powder (Fig. S2a) with no observation of S agglomerate
on the C surfaces. This is also true for all the synthesized powders with
other S contents (Figs. S2b—e). Based on the BJH pore-volume data, it is
estaimated that for the 90 wt% S powder less than 3% S could be outside
the pores, and this small portion of S is believed to exist as a coating on
the particle surface in view of the SEM results. TEM analysis was carried
out on the pristine CB particles and the composite particles with 90 wt%
S (Fig. S3). The pristine particle showed fringes of C layers within the
outer shell region and tortuous pores in the interior. These features
could no longer be seen after the pores were filled with S.

Fig. 2 compares the pore size distributions derived from N, adsorp-
tion isotherms for the MI and SPC S-C composite powders, revealing the
fundamental difference in the nature of S infiltration process in these
two synthesis methods. For the 45 wt% SPC composite powder, the pore
volume was found to contrinuously decrease with decreasing pore size.
With further increase in S content, smaller pores dimished at a faster
pace than the large pores. This trend suggests that the S-containing
species in the SPC method can easily access to the micro-and meso-pores
within the particle to preferntially deposit sulfur therein. In contrast, the
45 wt% MI composite exhibted a rise in unfilled pores smaller than 5 nm,
suggesting that the S melt has difficulty in getting into these smaller
pores.

In order to observe the state of S during the heating process, an
experiment was conducted by heating the S particles in NMP without the
presence of CB (which would otherwise turn the solution black from the
beginning). It was observed that S was completely dissolved at
approximately 60 °C and the solution subsequently exhibited color
change from being clear to orange and finally to dark black when the
solution was continuously heated up (Fig. S4). Upon cooling, shiny
yellowish particles—later confirmed through XRD to be highly crystal-
line sulfur particles—were precipitated (Fig. S4d). The formation of S
crystallites as the end-product was consistent with the results for the SPC
90% composite (Fig. 1c), except that in the composite, the crystallites
were produced inside the pores of the carbon host. The appearance of
the black color of the solution after prolonged heating may be due to the
formation of S dye. Black S dyes may be produced by sulfurization of
organic species containing nitro and amino groups [27]. However, such
reactions cannot proceed to any significant extent without catalysts. In
the present experiment, the solid-to-NMP ratio is 1:10 and less than 1% S
was lost. This amounts to no more than 0.3% NMP molecules sulfurized.
Therefore, the S dye formation is not expected to play any significant
role in the process. Indeed, as shown later, there is no correlation be-
tween achieving high S content and solution blackening. Attempt to
carry out spectroscopy analysis on the state of sulfur in the solution
during various stages of heating turned out to be unsuccessful, because
sulfur always precipitated out of the solution when the solutions were
cooled down to room temperature for the intended analysis.

Theoretical calculations were thus performed in order to reveal po-
tential interactions among S molecules (Sg), NMP, and carbon particles.
Ab initio molecular dynamics (AIMD) simulation revealed that NMP can
have the HOMO level higher than the LUMO of Sg at elevated temper-
atures, leading to electron charge transfer to Sg. Sg molecules gain
partial electron charge from the surrounding NMP molecules to become
ring-opened and decomposed to form negatively charged polysulfides
(PSs) with various lengths, stabilized by positively charged surrounding
NMP molecules. The formation of the PSs may partly explain the
observed color changes of the solution during heating [28] (Fig. S4b).
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Fig. 1. Material characterizations of the SPC_90% S composite powder: (a) thermogravimetric analysis; (b) pore size distribution using nitrogen adsorption; (c) XRD

patterns; (d) SEM micrograph.
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Fig. 2. N, adsorption isotherms for a S-C composite powders synthesized by
the MI process with a S content of 45% and powders by the SPC process with a S
content of 45%, 65% and 90%, respectively. The dashed circle highlights the
difference in the filling efficiency of S in smaller pores.

Fig. 3a, for example, displays a snapshot of a Sg molecule placed in a
supercell containing NMP molecules in a 5.0-ps simulation, showing
decomposition of the molecule into two S4 fragments. Fig. 3b displays
the charge density difference associated with the decomposition,

showing electron charge gain by the S, fragments as opposed to the loss
by the NMP molecules.

Calculation further revealed that when the S4 fragment surrounded
by NMP molecules comes into contact with a graphene layer (Fig. 3c),
which represents the surface of the carbon particle, the NMP molecules
undergo reduction by gaining partial electron charge from the graphene
surface (i.e., passing the positive charge to the graphene surface),
whereas the S fragment remains unchanged (retains its negative
charge). These charge transfer processes eventually lead to enhanced
adsorption of the PS fragments on the carbon surface due to the elec-
trostatic attraction between them. Calculations of the adsorption energy
of a S fragment on a graphene layer, for example, revealed an
adsorption energy of —0.19 eV per sulfur atom of S4, which is 0.13 eV
greater than that of a neutral Sg ring molecule (—0.06 eV).

In a separate experiment, a S-C composite powder with a designated
S content of 90% was synthesized by filtrating the dispersion solution
immediately at the end of the heating. The “quenched” composite
showed a S content of 54%, indicating that a very large portion of the PS
fragments were already inside the pores even at high temperatures,
supporting the notion of strong PS-C coupling. The results also suggest
that S, in the form of PSs, continued to permeate the porous carbon host
during the cooling period.

Based on the theoretical calculations and experimental observations
described above, it is inferred (Scheme 2) that the carbon particles act as
a sink for the PS fragments and are filled with a high concentration of PS
fragments at elevated temperature. During cooling, the fragments inside
the pores recombine because of oversaturation to form Sg crystallites.
Because of the high concentration of PS fragments inside the pores, Sg
precipitation occurs therein at a much earlier stage than in the bulk
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Fig. 3. AIMD simulation: (a) snapshot of a Sg molecule in NMP, showing
cleavage of Sg into two S, fragments (element presentation: red: O; royal blue:
N; brown: C; white: H; yellow: S); (b) charge density difference after Sg frag-
mentation in NMP, showing isosurfaces representing the gain (loss) of electron
charge in violet (light blue); (c) charge density difference when a S, fragment
surrounded by NMP molecules comes into contact with a graphene monolayer
(color presentation is the same as that in b), indicating that the graphene sur-
face loses partial electron charge to the NMP molecules, whereas the S, frag-
ment is unchanged (retains its negative charge). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

solution. The consumption of the PS fragments inside the pores draws a
constant flux of PS fragments from the bulk solution into the pores,
resulting in highly efficient S infiltration.

To further elucidate the important role of the PS formation in

Journal of Power Sources 450 (2020) 227676

realizing the HSC composite, an experiment of using ethanolamine
(ETA), instead of NMP, as the solvent was conducted for comparison.
Although ETA having the same constituent elements as NMP, the AIMD
simulation indicated that the HOMO level of ETA is lower than the
LUMO of Sg even at elevated temperatures, and therefore no electron
charge transfer is expected to occur between ETA and Sg. The calculation
showed that Sg molecule was not fragmented in ETA solvent even when
equilibration was performed with a long simulation time (Fig. S5a).
When following the same procedure as that for preparing the 90% S-C
composite in NMP, the process using ETA produced a S-C composite
powder containing merely 24% S (Fig. S5b). The poor S infiltration in
ETA may result because Sg molecules, unlike PS fragments, do not have a
strong tendency to be adsorbed on the surface inside the pores of the CB
particles. These results support the notion that PS formation plays an
important role in enabling efficient S infiltration into a porous carbon
host in the SPC process. It is worth mentioning that solution of ETA
containing S also turned black after prolonged heating. Therefore, there
is no correlation between achieving high S content and the black S dye
formation in the bulk solution.

Fig. 4 presents the X-ray photoelectron spectroscopy (XPS) spectra
acquired from an SPC composite sample. In the S 2p spectra (Fig. 4a),
other than the two high peaks at 165 and 164 eV, which can be
respectively assigned to 2p; > and 2ps3» of zero-charge S (S°), the broad
peak at 162-163 eV indicates the presence of negatively charged PS (S;)
species [29], which are believed to originate from the PS fragments
adsorbed on the carbon surface. The C 1s spectrum (Fig. 4b) exhibits a
high peak at 284.6 eV, which is typical of zero-charge C, and the tail
toward high binding energy is associated with more positively charged C
species. The high-energy tail can be attributed to the combination of
C-N, C-0, and C*-S™. The C-N and C-O are believed to arise from NMP
residue, whereas the C*-S™ may be related to the PS adsorption on the
carbon surface.

The electrochemical performance of the SPC derived powders were
assessed in two configurations. In the “power-type“ configuration, the
cathodes made of the powders with medium S contents, 55 wt% and 75
wt%, were tested in coin cells containing a Li foil as the anode, a blank
separator (without C interlayer) and no LiNOs in the electrolyte (as
described in the Experimental section, all the cathodes contain 13% C
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Scheme 2. The proposed SPC process for S infiltration into porous carbon, including (a)—(b) formation of PS upon heating to elevated temperature; (b)—(c)
preferential crystallization of S within the particles to draw PS flux into the particles upon cooling; and (c)—(d) finally the formation of S-C composite powders of

high S-contents.
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Fig. 4. XPS spectra of the S-C composite prepared by the SPC process: (a) Szp; (b) Cys spectra.

conductive additives). Both electrodes demonstrated exceptional high-
current capability. As shown in Fig. 5a and b, the 55%-S electrode
showed a stable specific capacity of 1103mAh g~! at 0.2C (all the spe-
cific capacity data are expressed on the basis of the mass of S; 1C = 1670
mA g 1-S) and 606 mAh g~! at 10C, and continued to deliver stable
capacities of 500-100 mAh g~ with increasing current density from 20
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up to 100C. To our knowledge, stable capacities at such high current
densities are unprecedented for Li-S batteries. The strong S-C coupling
resulting from the SPC process enables extensive and close contact be-
tween the conductive C host and embedded S so that the S can efficiently
be utilized even under high current rates. It is worth mentioning that the
use of a graphitic coating layer on the Al current collector (see
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Fig. 5. Electrochemical characterization: (a) specific capacity versus current rate for 55%, 75%, and 90%-S electrodes; (b) charge-discharge voltage curves of 55%-S
cathode shown in (a); (c) cycle performance for 75%-S electrode (under two conditions) and 90%-S electrodes.
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Experimental) was also found to benefit rate performance.

The 75%-S electrode, exhibiting a specific capacity of 850 mAh g~!
at 0.1C, was capable of delivering a specific capacity of 450 mAh g™! at
20C (Fig. 5a). Moreover, the cell showed essentially no capacity loss
after 400 cycles when cycled at 1C over a full capacity range or 1000
cycles at 2C with a fixed 80% discharge capacity (approximately 500
mAh gfl) (Fig. 5¢).

The cathode made of the powder with a S content of 90 wt% was
tested for the “energy-type“ configuration. With increasing areal S
loading of the electrode, dissolution and shuttling of PSs in the cell
resulted in enlarging capacity loss during the initial cycles. To remedy
this problem, the 90%-S electrode was characterized in the cell that
employed a C interlayer between the cathode and the separator, along
with the addition of 3 wt% LiNOs in the electrolyte. As shown in Fig. 5a,
the 90%-S cathode delivered a stable specific capacity of 1440 mAh g~*
(0.1C), corresponding to a S utilization ratio of 86%, and an areal ca-
pacity of 4.3 mAh cm~? (surfur loading of 3.0 mg cm?). This electrode
may be considered to fulfill the criteria for both HSL (>4 mAh cmz) and
HSC (>80 wt%). Its specific capacity was essentially the same as that of a
55% S—C cathode prepared by the same (SPC) method, but substantially
higher than that of the MI 55% S-C cathode (Fig. S6). It is also consid-
erably higher than those (<800 mAh g™ ') of previously reported 90%
S-C cathodes made using elemental S particle precursor [19,20] and
rivals those of the cathodes adopting the solution redox routes [21-24].
The SPC solution method, nevertheless, is considerably simpler and
potentially more cost-effective than the solution redox routes. Further-
more, the 90%-S cathode was able to achieve promising charge/di-
scharge rate performance and cycle stability. The electrode retained a
specific capacity of 1030 mAh g1 at 0.5C (Fig. 5a) (for voltage curves at
different C-rates, see Fig. S7), and retained 90% capacity after 300 cy-
cles. The high surfur utilization and outstanding rate capability and
cycle stability exhibited by the SPC S-C cathodes may benefit from the
close contact between the conductive carbon host and the embedded
sulfur enabled by the strong PS-C coupling.

In summary, a facile synthesis method was developed based on a
novel PS chemistry for preparing HSC composite cathodes for Li-S
batteries. This process employs inexpensive elemental S as the starting
material and involves a simple solvothemal procedure. Theoretical
calculations and experimental analyses indicated that the high effi-
ciency of S permeation into the C host was driven by the formation of PSs
in NMP at elevated temperatures and strong coupling between the PSs
and extensive surface inside the pores of the C host. The strong S-C
coupling resulted in enhanced electrochemical performance. Composite
cathodes having a medium-to-high S content (55 and 75%) exhibited
exceptional rate capability and cycle stability. Moreover, the 90%-S
cathode delivered a specific capacity of 1440 mAh g~ (equivalent to a
Sutilization of 86%) and an areal capacity of 4.2 mAh cm™2 with 90%
capacity retention after 300 cycles.

The SPC method greatly simplifies the process for synthesizing HSC
cathode powder, which we believe is crucial for realizing large-scale
applications of Li-S batteries. For sclaing up the process, however, it
should be pointed out that measures (such as using steanless-steel
container) should be taken to minimize the NMP loss through evapo-
rartion. Furthermore, the potential adverse effect of NMP sulfurization
on the S recovery efficiency upon NMP reusage should be assessed.
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