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In thiswork, a new cathode material for lithium—sulfur (Li-S)
batteries was developed. Microporous carbon (with
predominant pore size <1.2 nm) served as both a matrix for
sulfur retention and conductive additive. Microporous carbon
was shown to be capable of adsorbing lithium polysulfides
thereby suppressing their migration toward lithium anode.
Thedischar ge capacity of the S/C composite at the 1% and 20t
cyclesin Li—S battery operation was 513 and 421 mAh gt at
ascanrateof 0.1 mv s

Increased polysulfide retention

>
MESOporous I MICROporous
carbon carbon Pores’ size
<1.2nm
421 mAh g

7 (20* cycle)

Keywords: Li-S battery, cathode material, sulfur, microporous carbon, adsorption, lithium polysulfides.

Li-S batteries are considered as a promising alternative for
lithium-ion batteries due to their high energy density and low
cost of sulfur-based cathodes.!-® The theoretical specific energy
density of Li-S batteries is significantly higher than that of Li-
ion batteries (~2500 and ~420 Wh kg2, respectively).* Generally,
a Li-S battery consists of a lithium metal anode, lithium-
conductive electrolyte, and a composite sulfur cathode.2%® In
sulfur cathodes, Li* and electrons are intercalated into the material
structure, forming lithium polysulfides (Li,S, 2<n<8) or
lithium sulfide (Li,S).

Reduction reactions generating solid Li,S, and Li,S are
characterized by poor kinetics and the theoretical capacity of
Li-S batteries cannot be achieved.”-14 The practical application
of Li-S batteries is limited by several issues including the safety
of metallic lithium as anode, low electrical conductivity of sulfur
(5x107%°S cm™) and the discharge products (Li,S,/Li,S),'*" a
significant volume change of the cathode during the charge/
discharge processes, formation of polysulfides (Li,S,,, n = 4-8)
soluble in the electrolyte and their migration towards the anode
(shuttling) with subsequent irreversible reactions resulting in the
loss of active material.>” One of the main challenge is to
eliminate shuttling of polysulfides.819

A promising approach is to obtain composites based on sulfur
and meso- and/or microporous carbons with a hierarchical
porous structure capable of both providing electron transfer and
encapsulating sulfur, suppressing the dissolution and migration
of polysulfides.1257920-26 Dye to the limited pore space in such
composites, n in sulfur molecules S, is usually 2-4, which
prevents the formation of soluble long-chain polysulfides.® It
should be noted that although intermediate polysulfides are
thermodynamically unstable in the solid state, their formation is
possible due to their solvation by the electrolyte.

In this work, we developed and investigated a novel cathode
material based on sulfur composite with microporous carbon

© 2024 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

with a predominant pore size <1.2 nm, which, on the one hand,
can provide electrical conductivity and, on the other hand, retain
the products of sulfur reduction in the cathode.

Microporous carbon was obtained by the technique reported
earlier.?” (see details in the Online Supplementary Materilas).

According to SEM images, the microporous carbon represents
particles of ~20 um in size. The morphology of the composite
with sulfur is similar to the original microporous carbon [see
Online Supplementary Materials, Figure S1 (a—d)]. Backscattered
electron SEM images of the S/C composite indicate a uniform
distribution of sulfur in the composite [Figure S1 (g f)].

The specific surface area was found to be 2623 m? g~L. The
predominant pore size is ~0.8-1.2 nm (Figure S2). The total pore
volume is ~1.29 cm?® g1, which corresponds to a possible sulfur
loading of up to 73 wt%. The specific surface area of the S/C
composite was 2 m? g1, A sharp decrease in the surface area
after sulfur loading indicates that sulfur occupies almost the
entire pore volume of microporous carbon or blocks the access
of nitrogen into them.

A broad halo with a maximum in the region of 26 <10°, which
corresponds to interplanar distances comparable to the pore size,
can be noted in the XRD pattern of microporous carbon. In the
S/C composite, a broad halo is shifted to the region 26 ~22-30°
and corresponds to the position of the most intense sulfur reflexes
(Figure S3), which may be due to a decrease in the size of sulfur
particles and/or its amorphization. At the temperature of the S/C
composite synthesis (155 °C), liquid sulfur has the lowest
viscosity and is represented mainly by cyclic molecules Sg.28
Sulfur molecules can diffuse into micropores, and their
crystallization is hindered by the low pore volume.

The intense peaks with maxima at 1599 and 1344 cm= in
the Raman spectrum of the microporous carbon (Figure S4)
can be attributed to the G- and D-bands of graphite.2%30 The
contribution of these bands to the integral intensity of the
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spectrum is 43% [Figure S4(b)], which is consistent with the
rather high electronic conductivity of microporous carbon
(~5.3x1072 S cm™).3! In addition, two more broad peaks can be
observed at ~1290 and ~1540 cm~! (Figure S4), corresponding to
other carbon species.®! There are no typical sulfur peaks in the
Raman spectrum of the S/C composite [Figure S4(a)], which most
probably corresponds to its disordering or almost complete
incorporation into the carbon pores. The electrical conductivity
of the S/C composite is 9.9x10° S cm™,

The ability of carbon to adsorb lithium polysulfides is an
important property for the composite S/C cathode because it
helps to suppress the migration of polysulfides toward the anode.
The polysulfide adsorption test was performed by addition of
dilute Li,Sg solution to the microporous carbon (Figure 1). For
comparison, the same experiment was performed for mesoporous
carbon investigated by us earlier.32 When 1 ml of 0.003 M Li,Sg
solution (3 umol) was added, the solution color disappeared after
shaking and sedimentation of both microporous and mesoporous
carbons. When the amount of polysulfide was increased up to
13.5 pmol, a slight coloring of the solution was observed over
the mesoporous carbon [Figure 1(b)], while the solution over the
microporous carbon remains colorless. The obtained data
indicate that microporous carbon shows greater sorption ability
to lithium polysulfides compared with mesoporous carbon.

Figure 2(a) shows the CV for the 1%, 5" and 20" cycles in the
potential range of 1.4-3.0 V. At the first cycle, there is a slight
decrease in capacity, but then the S/C cathode shows stable
cycling [Figure 2(b)].

Except for the 1%t cycle, where wide maxima are observed
and the reduction and oxidation peaks are slightly shifted, the
shape of the cathodic curves remains relatively constant during
cycling. From the 2" cycle onwards, two cathodic and one
anodic maxima can be identified in the CV curves, with
potential regions consistent with data reported.211.13.33-36 The
S/C electrode shows typical discharge behavior in ester-based
electrolyte (dioxolane +dimethoxyethane). According to the
data available in the literature, the first peak with a maximum
at ~2.3 V corresponds to the conversion from sulfur to S2-
polysulfide dianions (where n = 6-8), while the second peak at
~2.0 V is associated with the conversion of polysulfides to
Li,S,, (where n = 2—4) and Li,S.%> The obtained S/C composite
differs in electrochemical behavior from composites based on
ultramicroporous carbon and is more similar to composites
based on mesoporous carbons.2>37 In our case, there is no
significant charge/discharge potential hysteresis. The pore size
of ~0.8-1.2 nm is sufficient for the penetration of ester solvent
molecules and redox reaction in the investigated S/C composite
at the three-phase boundaries of sulfur, carbon and electrolyte
molecules coexistence. The capacity loss during cycling turns
out to be noticeably less compared with the composite based on
mesoporous carbon3? as a result of better polysulfide
intermediates retention because of their adsorption in
micropores.

(b)

Figure 1 Photographs of (1) Li,Sg solution and the same solution in
contact with (2) microporous and (3) mesoporous carbon. Amount of Li,Sg:
(a) 3 and (b) 13.5 pmol.
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Figure 2 (a) CV of S/C|Li cells and (b) charge and discharge capacities
over 20 cycles.

As the cycling continues, the intensity ratio of the cathode
peaks changes [Figure 2(a)]. The intensity of the peak with a
maximum at ~2.3 V decreases, while the peak with a maximum
at ~2.0V, on the contrary, increases from the 5™ to the 20™ cycle.
It can be assumed that during cycling the dissolution and removal
of long-chain polysulfides from larger pores (2-3 nm in size)
with a weaker adsorption take place, though their amount is not
significant (see Figure S2).

The discharge capacity at the 15t cycle is 513 mAh gL This
value is less than the theoretical one, which is due to a rather high
rate of sweep potential during CV measurements (0.1 mV s3),
which corresponds to the C-rate of ~C/2. At further cycling, the
capacity goes through a minimum and slightly increases to
421 mAh g1 by the 20" cycle. The electrochemical characteristics
of the obtained cathode material are noticeably superior to those of
the cathodes obtained by mechanical mixing of sulfur with carbon
material®® and also show greater stability during cycling compared
to mesoporous carbon-based composite.32 There is no decrease in
the discharge potential as in the case of ultramicroporous carbons
with pore sizes of <0.7 nm.3%40

To improve Li-S battery performance, a novel cathode
material based on the composite of sulfur with microporous
carbon was developed and investigated. Its structural,
morphological and electrochemical characteristics were studied.
Cathodes based on the obtained composite have demonstrated an
increased stability during cycling, which was explained by the
proper pore size distribution in microporous carbon and its
ability to sorb lithium polysulfides.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.06.003.
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