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Abstract

Realizing a lithium sulfide (Li,S) cathode with both high energy density
and a long lifespan requires an innovative cathode design that maximizes
electrochemical performance and resists electrode deterioration. Herein, a
high-loading Li,S-based cathode with micrometric Li,S particles com-
posed of two-dimensional graphene (Gr) and one-dimensional carbon
nanotubes (CNTs) in a compact geometry is developed, and the role of
CNTs in stable cycling of high-capacity Li-S batteries is emphasized.
In a dimensionally combined carbon matrix, CNTs embedded within the
Gr sheets create robust and sustainable electron diffusion pathways while
suppressing the passivation of the active carbon surface. As a unique
point, during the first charging process, the proposed cathode is fully
activated through the direct conversion of Li,S into Sg without inducing
lithium polysulfide formation. The direct conversion of Li,S into Sg in the
composite cathode is ubiquitously investigated using the combined
study of in situ Raman spectroscopy, in situ optical microscopy, and
cryogenic transmission electron microscopy. The composite cathode
demonstrates unprecedented electrochemical properties even with a high
Li,S loading of 10 mg cm~2; in particular, the practical and safe Li-S full
cell coupled with a graphite anode shows ultra-long-term cycling stability
over 800 cycles.
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1 | INTRODUCTION

Owing to the theoretical capacity limit and increasing cost of
layered cathode materials, such as LiCoO,, Li(Ni,Co,Mn,)
0,, and Li(Ni,Co,Al)O,, next-generation batteries with a
high energy density and low cost have attracted attention in
the global energy storage market. Among them, rechargeable
Li-S batteries using resource-abundant sulfur as an active
material are now considered batteries that are closest to
practical use.” Sulfur can theoretically offer a high capacity
of 1675 mAh g™, and practically designed Li-S batteries are
projected to achieve a high energy density between 400 and
500 Wh kg% Meanwhile, lithium sulfide (Li,S)-based Li-S
batteries have attracted considerable attention in recent years
owing to the freedom of anode selection without being
limited to the use of Li metal anode.*” Unlike the general S-
based Li-S batteries using Sg as the cathode active material,
Li,S-based Li-S batteries contain a Li source at the cathode
before cycling. Therefore, Li-free anodes, such as graphite, Si,
and alloying composites, can be adopted, thus evading safety
concerns and uncontrollable side reactions on the surface of
metallic Li.>"°

To achieve the high energy density expected from
Li-S batteries, it is essential to manufacture high-sulfur-
loading electrodes with high sulfur contents that have
high sulfur utilization. As the loading level of the
electrode increases, however, the electrode inevitably
thickens, thereby retarding electron transfer toward the
whole electrode.'"'* Uniform electron conduction across
the electrode is crucial, especially in designing a high-
energy Li,S cathode that includes a higher content of
insulating Li,S and minimal amounts of conductive
carbon materials. Numerous studies have been reported
in the field of Li-S batteries using highly conductive
graphene (Gr) and carbon nanotubes (CNTSs) as conduc-
tive materials to effectively exchange electrons with
sulfur and Li,S."”*'® However, although the excellent
electrical properties of Gr and CNTs have been well
demonstrated, the dimensional properties of each mate-
rial and their role in Li-S batteries have been relatively
less investigated. Gr and CNTs, which still have
untapped potential, must be studied when applied to
their respective applications.”® The morphological prop-
erties of each carbon material and their interplay with
the active material inside the electrode must also be
carefully considered to better understand the function of
each carbon material and thus to design high-energy,
long-life Li,S cathodes.

Apart from the common issue of Li-S batteries like
lithium polysulfide (LiPs) dissolution, a major research area
in Li,S-based Li-S batteries is the initial activation of bulk
Li,S. Activation of this electrochemically insulating material
(~10-13 Scm™) during the first delithiation process requires

high activation energy,”** and the initially activated Li,S

dominantly determines the energy density and cycling
capacity of Li,S-based Li-S batteries (Figure S1), which
explains the importance of effectively activating Li,S.”** %
Meanwhile, a direct conversion reaction that oxidizes Li,S to
Sg, directly, without forming intermediate polysulfide, during
the first activation process has been reported.**** Manip-
ulating the formation of LiPs is important because the
dissolution of LiPs into the electrolyte is the underlying
cause of the limited cycle life of Li-S batteries, as it induces
the loss of active materials and initiates uncontrollable side
reactions. Although a few studies have monitored the direct
conversion mechanism of Li,S, this area of research is still in
its infancy.

Herein, we aim to fabricate a high-loading, high-energy,
and long-life Li,S cathode; thus, we prepare a rationally
designed Gr/CNT composite and use this carbon matrix to
fabricate a compact Li,S/Gr/CNT cathode with a high Li,S
loading of up to 15mgcm™ using a simple pelletization
method. An electrically well-connected network as well as
the compact geometry of the proposed cathode effectively
activates the Li,S and enables reversible cycling by enhan-
cing the electron transfer kinetics between the Li,S and the
carbon matrix. Finally, the unique activation process and the
direct conversion reaction, occurring during the first
charging process of the compact Li,S/Gr/CNT cathode, is
investigated using in situ techniques and cryo-transmission
electron microscopy (TEM) analysis.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis of the Gr/CNT composite
To prepare the Gr/CNT composite, Gr (1-5 atomic layer,
ACROS) and multiwalled carbon nanotubes (MWCNTS,
95%; Nanolab) were separately dispersed in N-methyl-2-
pyrrolidone (NMP; 99.50%; Daejung Chemicals & Metals) by
ultrasonication for 30 min. Then, the Gr and MWCNT
dispersions were combined at various mass ratios (7:1, 4:1,
1:1) and further ultrasonicated for 30 min. After vacuum
filtration and washing with ethanol, the obtained Gr/CNT
composites were dried in a vacuum oven (60°C) more than
one day and then further dried in the same oven (190°C)
overnight before use.

2.2 | Fabrication of the compact
Li,S/Gr/CNT cathode

Commercially available Li,S powder (99.98%; Sigma-
Aldrich), which was unsealed in an Ar-filled glovebox
(water and oxygen content < 0.1 ppm), and the synthesized
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Gr/CNT composites were homogeneously mixed via
mechanical ball milling at a 75:25 mass ratio. The required
amount of the Li,S/Gr/CNT composite was pressed into a
pellet mold (inner diameter of 10 mm) at 1 GPa for 5 min.
Compact Li,S/Gr/CNT cathodes with Li,S loading levels of
10 or 15 mg cm 2 were thus obtained (the margin of error for
the target loading was less than 0.1 mg cm™2). To prepare the
Li,S/Gr and Li,S/CNT cathodes, the Gr/CNT composite was
replaced with Gr or CNTs in the ball-milling step with Li,S.
For the pouch-type cell, rectangular (30 mm X 50 mm)
compact Li,S/Gr/CNT cathodes with a Li,S loading level
of 10mgcm > were prepared using the same fabrication
process but with a rectangular pellet mold. All steps were
performed in the Ar-filled glovebox (water and oxygen
content < 0.1 ppm).

2.3 | Fabrication of the graphite anode
Graphite (POSCO Chem. Inc.), Super P (TIMCAL), and a
polyacrylic acid binder (average Mv ~450,000; Sigma-
Aldrich) were mixed in NMP at a mass ratio of 92:1:7,
and the slurry was cast on a Cu foil. The prepared
electrode was dried in a vacuum oven (60°C) more than
one day and then further dried in the same vacuum oven
at 110°C overnight before use. The capacity ratio of the
anode to the cathode (N/P ratio) was set to 1.2:1.

2.4 | Fabrication of a pouch-type cell

For both electrodes, double-sided compact Li,S/Gr/CNT
cathodes (30 mm X 50 mm) and single-sided (31 mm X 51
mm) Li metal (200um; Hohsen Corp.) or as-prepared
graphite anodes (31 mm X 51 mm) were used. For the
separator, a polypropylene separator (Celgard 2400; Celgard)
with 34 mm X 54 mm in size was used. An Al foil with an Al
tap (cathode) and a Cu foil with a Ni tap (anode) were used
as the current collectors. The pouch-type cell was fabricated
using the winding method, and an Al-laminated film was
used to package the cell. The electrolyte solutions (half-cell
or full cell) and the ratio of the electrolyte and the active
material content (Li,S) for the pouch-type cell were the same
as those of the coin-type cells.

2.5 | Electrochemical measurements

General half-cell tests were performed using a 2032 coin-
type cell containing the prepared cathode (10 mm in
diameter), a Li metal anode with a thickness of 200 um
(14 mm in diameter), and a polypropylene separator
(19 mm in diameter). For the electrolyte solution, 0.5 M

CARBON ENERGY-W1 LEy—L2

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
0.8 M lithium nitrate (LiNO3) dissolved in dimethox-
yethane (DME):1,3-dioxolane (DOL)=1:1 (by volume)
were used. To tackle issues related to the use of Li metal
in high-loading Li-S batteries, relatively high contents of
LiNO; were used to prepare the electrolyte solution as in
our previous research.”**® The full-cell tests were
performed by replacing the Li metal anode with the
prepared graphite anode (N/P ratio =1.2:1) and electro-
lyte solution with 2.5M LiTFSI and 04M LiNO;
dissolved in DME:DOL =1:1 (by volume). During the
fabrication of the coin- and pouch-type cells, the ratio of
the electrolyte amount to the active material content
(Li,S) was 12uLmg'. All coin- and pouch-type cell
fabrication processes were carefully performed in an Ar-
filled glovebox (water and oxygen content < 0.1 ppm) to
avoid contamination of Li,S by ambient air.

Galvanostatic cycling tests were performed using a
battery cycler (TOSCAT-3100; Toyo System Co.) at 30°C.
For the coin-type half-cell with a Li,S loading of 15 mg cm ™2,
the initial cycle was performed in the voltage range of
1.9-3.6 V at 0.1 C and cycling was performed in the range of
1.8—2.8V at 0.5C (1C=1675mA per gram of sulfur). For
the coin-type full cell with a Li,S loading of 10 mg cm™2, the
initial cycle was carried out in the range of 1.6—3.6V at
0.1C, and cycling was then conducted in the range of
1.6—2.8'V at 0.2 C. For the pouch-type half-cell with a Li,S
loading of 10 mg cm™ (each side of the cathode), the initial
and regular cycles were performed at 0.05 C in the ranges of
1.9-3.6V and 1.8—2.8V, respectively. Similarly, for the
pouch-type full cells with a Li,S loading of 10 mg cm™ (each
side of the cathode), the initial and regular cycles were
conducted at 0.05 C in the ranges of 1.6—3.6 V and 1.6—2.8 V,
respectively. The Li,S loading of the cathode, C-rate
conditions, and voltage range of the cycling test are
presented in each figure. Cyclic voltammetry tests were
conducted using a VMP3 (Biologic) in a voltage range of
1.9-3.6V at 03mVs ..

The electrical resistivity of the pelletized Gr/CNT and Gr
electrodes with a diameter of 10 mm was analyzed using a
homemade two-probe setup. The thickness of each carbon
electrode was set to 0.5 mm. The ampere responses to the
voltage applied to the prepared electrodes were recorded
using a source meter (Keithley 2400; Keithley). Each
constant voltage of 1, 2, 3, 4, and 5mV was applied until
stabilization, and then, the subsequent equilibrium current
was obtained to construct an I-V plot.

2.6 | Characterization

The surface and cross-sectional morphologies of the
materials were analyzed by scanning electron microscopy
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(SEM) (Verios G4UC; Thermo Fisher Scientific). To
observe the morphology of the materials and obtain the
selected-area electron diffraction (SAED) pattern, TEM
was performed using an instrument (NEO ARM; JEOL)
equipped with a cooling holder (613; Gatan) and a
temperature controller (1905; Gatan). During the cryo-
TEM analysis, observations were conducted at 103.15K.
All samples were prepared inside an Ar-filled glovebox
(water and oxygen content < 0.1 ppm) and transferred in
an Ar-filled container before putting it in SEM and TEM
chambers to minimize contamination. The chemical
compositions of the cycled electrodes were analyzed using
X-ray photoelectron spectroscopy (XPS) (K-Alpha+; Ther-
mo Fisher Scientific). For the in situ techniques, a
specialized airtight cell equipped with a window (ECC-
Opto-Std, EL-CELL) was used. In situ Raman spectros-
copy was performed using a radioelectric Raman system
(DXR3xi; Thermo Fisher Scientific) equipped with a
532nm laser. A high-resolution optical microscope
(VHX-7000) was used to conduct in situ optical micros-
copy (OM). During the in situ analysis, a cell was cycled
up to the voltage range of 3.6V at 1/5C.

(A)

Y

Ultrasonication
in NMP

Gr sheet

In-plane
(XY-plane)

3 | RESULTS AND DISCUSSION

3.1 | Preparation of the Li,S/Gr/CNT
cathode

Figure 1 shows the preparation process of the Gr/CNT
composite, and the morphology and electrical properties
of Gr and the Gr/CNT composite. Gr has a planar two-
dimensional (2D) structure with superior electronic
conductivity (10’-10*Sm™), and the CNTs are rolled-
up Gr with a cylindrical 1D structure. The in-plane
electrical conductivity of Gr (inside the layer) is high, but
its through-plane conductivity is not satisfactory.”® To
reinforce the electrical property in a Gr-based Li,S
cathode, here, it was designed in such a way that the
CNT forms an electrical network throughout the
electrode. It is important to scatter CNTs across the Gr
layer to optimally exploit the advantages of both
components in the composite matrix. Figure S2 shows
the aggregated Gr/CNT mixture prepared using a simple
dry-mixing method. Because of the strong van der Waals
interactions, Gr or CNTs easily aggregate into bundles.

Through-plane
(Z-axis)

>

Gr/CNT
composite
(D) 100
—s—Gr
80| —e— Gr/CNT
<
= 60
5 40 4
o
20 4
0 y ' r . .
0 1 2 3 4 5

Volatge (mV)

FIGURE 1 Characterization of the graphene (Gr)/carbon nanotube (CNT) (Gr/CNT) composite. (A) Schematic of the Gr/CNT
composite preparation process. Scanning electron microscopy images of (B) Gr powder and (C) the Gr/CNT composite. (D) Current-voltage

curves of Gr and the Gr/CNT electrode.
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The proper selection of the mixing instrument and the
dispersion solvent can guarantee a high degree of
dispersion.**? In our case, Gr and CNTs were separately
ultrasonicated in NMP as the solvent without any other
dispersants, and the two dispersions were then mixed
together. The detailed conditions are described in the
experimental section. When a Gr/CNT composite was
fabricated (Figure 1B,C), a desirable 3D networking
structure was observed, wherein 1D CNTs (with an
average diameter of ~15nm) interconnect each Gr
particle.

To verify the effectiveness of the Gr/CNT composite
compared to the Gr in terms of their electrical properties,
a two-probe setup was used to observe the ampere
response to the voltage applied to the prepared electro-
des.*® (Figure S3) For the analysis, carbon electrodes
composed of Gr or the Gr/CNT composite were pelletized
in the same manner as in the preparation of the Li,S
cathode, but without active materials (Li,S). We assumed
that electron conduction in the axial direction between
the top and bottom of the high-loading Gr-based
electrode could be enhanced by introducing the CNT
network. Copper current collectors were placed on the
top and bottom of the electrode, and the ampere response
values (current) to the potential applied to the electrode
(voltage) by the source meter unit were recorded. As
shown in Figure 1D, ~35% higher currents were detected
in the Gr/CNT electrode at each applied potential than
that in the electrode with Gr alone. Gr shows the highest
in-plane (single-layer) electrical conductivity among 2D

High pressure
(1GPa)
application

Compact Li,S/Gr/CNT cathode

Compact Li,S/Gr/CNT Cathode
Li,S loading of 15r_ng cm2 g .

CARBON ENERGY-W1 LEy—L*

materials. However, from an electrode point of view,
electrical conduction is disturbed in some nano/micro-
scale regions owing to the relatively low electrical
conductivity of through-plane and over-the-Gr particles.
On the other hand, CNTs form a network in all directions
in the electrode, so they act as electrical highways from
one point to another and confer uniform conductivity to
the entire electrode. This analysis was the first step in
analyzing the role of the CNT in the electrode from the
fabricated Gr/CNT composite matrix.

Next, to fabricate the compact Li,S/Gr/CNT cathode,
a mixture composed of commercial microscale Li,S and
our Gr/CNT composite was prepared using a mechanical
ball-milling process. Then, the Li,S/Gr/CNT composite
powder was pelletized in a mold under a high pressure of
1 GPa (Figure 2A).

Figure 2B,C shows cross-sectional SEM images of the
compact Li,S/Gr/CNT cathode with a Li,S loading of
15mgcm™. The measured thickness of the compact
cathode with a high Li,S loading was 166 um.

As shown in Figure 2C, the dispersed Li,S particles
with sizes of 1-5um were surrounded by the Gr/CNT
composite matrix, and CNTs connected each Gr particle,
forming a 3D network structure. The corresponding TEM
image confirms the structural characteristics of the Li,S/
Gr/CNT cathode. The bright-field TEM images in
Figure 2D,F demonstrate that the Li,S particles were
completely encapsulated by 2D Gr sheets with an
entangled network of 1D CNTs embedded within these
sheets. The CNT network provided robust electrical

! (E) Cubic phase Li,S

100 zone

Orthorhombic
phase Li,S

001 zone

FIGURE 2 Characterization of the compact Li,S/Gr/CNT cathode. (A) Schematic of the fabrication and structure of a compact Li,S/Gr/
CNT cathode. (B,C) Cross-sectional SEM images, (D,F) bright-field TEM images of a compact Li,S/Gr/CNT cathode, and (E,G) the
corresponding selected-area electron diffraction patterns of the polymorph marked in panels (D,F). CNT, carbon nanotube; Gr, graphene;
Li,S, lithium sulfide; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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pathways that connected the active materials throughout
the electrode. The [100] zone SAED pattern of the Li,S
particle confirms the face-centered cubic structure of Li,S
(Figure 2E). In addition to the cubic-phase Li,S, the TEM
image in Figure 2F shows the presence of flattened and
rod-shaped Li,S nanoparticles, whose SAED pattern was
indexed as the [001] zone of the orthorhombic Li,S phase
(Figure 2G). At a pressure above 12 GPa, the Fm3m
antifluorite structure of Li,S transforms into an ortho-
rhombic Pnma phase. Upon removal of high pressure,
this high-pressure orthorhombic phase reverts to the
cubic phase.*

It is conjectured that here, the cubic Li,S phase
partially transformed into the high-pressure form of
orthorhombic phase during the pelletization of the Li,S/
Gr/CNT composite powder. A highly localized compres-
sive stress during deformation may have developed and
exceeded the critical stress required for the transforma-
tion, with the Gr sheets confining Li,S and restraining its
lateral expansion.”®*** Thus, the TEM analysis revealed
that the Li,S particles, which were tightly encapsulated by
the Gr sheets and entangled by the CNTs, existed in
multiple phases. Additional examples of the presence of
metastable orthorhombic Li,S are shown in Figure 3,
which summarizes the main microstructural features of
the compact Li,S cathode fabricated by pelletization under
high pressure. A similar observation was also made in the
previous report.”®

(A)

3.2 | Electrochemical performance

Figure 4 shows the electrochemical performance of the
compact Li,S/Gr/CNT cathode. For comparison, the
Li,S/Gr and Li,S/CNT cathodes fabricated in the same
manner were also tested (explained in the Section 2.2).
Figure 4A shows the first voltage profile cycled at 0.1 C of
each cathode with an ultrahigh Li,S loading of 15mg
cm 2 and a Li anode.

The compact Li,S/Gr/CNT cathode delivered a higher
first charging capacity for Li,S activation than the Li,S/
Gr and Li,S/CNT cathodes. This result suggests the effect
of adding CNTs on the Gr-based Li,S cathode. The
content of active sulfur in the cathode and the delivered
capacity of the Li-S battery have a trade-off relationship.
In this case, when Li,S accounted for 75% of the total
content and carbon content was as low as 25%, the role of
Gr and the CNTs as conductive carbon materials became
obvious. The 2D planar morphology of Gr provided a
large contact area with the bulk Li,S, thus playing an
important role in the exchange of electrons with
insulating active materials, Li,S, although the 1D CNTs
(<20 nm in diameter) do not function well in activating
micro-sized bulk Li,S. As illustrated in Figure 4C,
meanwhile, only a small amount of CNTs (Gr:CNT =
7:1 by weight and 3.125% of the total weight of the
cathode) in place of the Gr finely enhanced the activation
of the Li,S, forming a 3D network and eliminating

(D) Orthorhombic 001 Zone

,

» 020

Orthorhombic 001 Zone

‘\4,.;.

FIGURE 3 Characterization of the Li,S polymorph in the compact Li,S/Gr/CNT cathode. Schematics of the unit cell structure of
Li,S: (A) cubic Fm3m phase and (B) orthorhombic Pnma phase. (C,E,G) Bright-field TEM images of the Li,S polymorph in the compact
Li,S/Gr/CNT cathode and (D,F,H) the corresponding SAED patterns of the polymorph marked in panels (C,E,G). CNT, carbon nanotube;
Gr, graphene; Li,S, lithium sulfide; SAED, selected-area electron diffraction.
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FIGURE 4 Electrochemical performance of the compact Li,S/Gr/CNT cathode in a Li-S cell. (A) Initial cycle voltage profiles of Li-S
half-cells using a compact Li,S/Gr/CNT, Li,S/Gr, or Li,S/CNT cathode with a Li,S loading of 15mgcm™ at 0.1 C in the voltage range
of 1.9-3.6 V and (B) subsequent cycling performed at 0.5 C in the voltage range of 1.8-2.8 V. (C) Illustration showing the interplay between
the bulk Li,S particle and the two different carbon materials. (D) Cycling test of Li-S full cells using the compact Li,S/Gr/CNT cathode
with a Li,S loading of 10mgcm™ at 0.2 C in the voltage range of 1.6-2.8 V. The full cells were fabricated using the high-loading graphite
anode (N/P ratio: 1.2). (E) Rate capability of Li-S half-cells using a compact Li,S/Gr/CNT with a Li,S loading of 15 mg cm™; current
rates from 0.1 to 1.0 C (17.6 mA cm™). All tests were performed at 30°C. (F) Comparison of the cycling performance of previously reported
Li,S-based Li-S cells. CNT, carbon nanotube; Gr, graphene; Li,S, lithium sulfide.
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electrically isolated parts throughout the whole cathode
(Figure 4A). However, as CNT content was increased
more than 3.125%, the Li,S activation was lowered.
(Figure S4) Note that the voltage profile of the first
charging process of the compact Li,S/Gr/CNT cathode
did not follow the general charging curve of the Li,S-
based Li-S battery. According to previously reported
results,”*"*> the activation of Li,S in the early stage of
the first charge requires a high voltage owing to the
difficulty of lithium diffusion from the insulating Li,S.
Meanwhile, LiPs is formed, and the charging voltage
decreases owing to the function of LiPs as a redox
mediator, which facilitates the oxidation process. How-
ever, the initial charging voltage of the compact Li,S/Gr/
CNT cathode started above 3.2V versus Li/Li* and was
maintained throughout the charging process, with a
gradually increasing trend. This voltage profile indicates
the direct conversion process in which Li,S is directly
converted into Sg without forming LiPs.?*"** This unique
conversion process is thoroughly identified in the next
section using in situ spectral and optical techniques. The
cyclic voltammogram in Figure S5 showed good agree-
ment with the first cycle voltage profile of each cathode
(Figure 4A), showing better electro-chemical activities in
the compact Li,S/Gr/CNT cathode than in the other two
cathodes. In Figure 4B, the cycling performance at 0.5C
of the Li-S cell using each cathode is compared. As
expected from the first charging/discharging capacity,
the compact Li,S/Gr/CNT cathode showed a higher
discharge capacity of 899.6mAhg™" (11.5mAhcm™?)
than the Li,S/Gr cathode (833.4 mAh g_l) and the Li,S/
CNT (205.6 mAh g™!) cathode. Furthermore, the compact
Li,S/Gr/CNT cathode showed stable cycling with a high
Coulombic efficiency over 100 cycles. By contrast, the
Li,S/Gr cathode showed a steep capacity drop, with
Coulombic efficiency fading after approximately 50
cycles.

To investigate the role of CNTs in improving cycling
performance, a Li,S/Gr cathode after cell failure and a
reproduced compact Li,S/Gr/CNT cathode cycled the
same number of times were retrieved. The SEM image of
the cycled Li,S/Gr cathode in Figure 5A shows the severe
surface passivation on the Gr particles, which may
hinder electrical conduction over the particles through-
out the electrode. XPS analysis revealed that sulfate,
polythionate, and thiosulfate species, in addition to the
remaining polysulfide-related species, predominantly
existed on the cathode surface (Figure 5C)'**%*%37, On
the other hand, in the cycled Li,S/Gr/CNT cathode
(Figure 5B), less surface passivation was apparent on the
Gr particles, and the XPS results also demonstrated fewer
sulfate and polythionate species (Figure 5D). Notably,
morphologically intact CNTs dispersed throughout the

electrode maintained good electrical connections. Except
for a small portion, the majority of the CNT surfaces
were not densely covered by precipitates, thus maintain-
ing the original morphology. From these observations,
we can infer that Gr, which has a large contact area with
active materials, plays a major role in driving the
electrochemical conversion process of sulfur species,
whereas CNTs maintain uniform and high electrical
conduction throughout the electrode, helping the con-
version reaction proceed effectively and sustainably.

The key advantage of Li,S-based Li-S batteries is that
they can use Li-metal-free anodes because Li,S can
provide the Li required for cell operation in the absence
of Li metal as a Li source. To assess the feasibility of the
compact Li,S/Gr/CNT cathode as a potential cathode for
practical applications, Li-S full batteries using natural
graphite as an alternative anode were fabricated. Natural
graphite is a commercially available anode material with
good cycling stability. For the electrolyte solution, a
Li-ion coordination structure-tailored ethereal electro-
lyte, which is known to be compatible with graphite
anodes, was used.*® As shown in Figure 4D, the compact
Li,S/Gr/CNT cathode applied in the Li-S full batteries
delivered an areal capacity of 5.3 mAhcm™ at 0.2 C and
operated for more than 800 cycles, even at a high Li,S
loading of 10 mg cm™.

To the best of our knowledge, this is the first report
demonstrating Li-S full batteries loaded with such a high
level of Li,S and the unprecedented cycling stability of
such high-loading Li-S batteries. This notable electro-
chemical half-/full-cell performance is due to (1) the
compact geometry of the cathode enabling close contact
between Gr and the active materials for efficient electron
exchange, (2) the role of CNTs, which form an electrical
network through the electrode, thus inducing and
maintaining uniform reactions in the entire electrode,
and (3) the use of a Li-metal-free anode with good cycling
stability in the case of a full cell, avoiding the safety
hazard of Li metal anodes. In addition, the compact Li,S/
Gr/CNT cathode showed high rate capability even at a
current density of 17.6mAcm™, delivering an areal
capacity higher than 6 mAhcm™ (Figure 4E). The
cycling performance of the compact Li,S/Gr/CNT
cathode with a high Li,S loading is compared with that
of cathodes reported in the literature thus far in
Figure 4F%***! and Table S1.

3.3 | Direct conversion reaction during
first charge

To investigate the distinct first charging process of the
compact Li,S/Gr/CNT cathode, in situ Raman
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FIGURE 5 Characterization of the cycled cathode. SEM images of the cycled (A) Li,S/Gr cathode after cell failure and (B) compact
Li,S/Gr/CNT cathode cycled the same number of times as the cell in panel (A). XPS S 2p spectra of the cycled (C) Li,S/Gr and (D) Li,S/Gr/
CNT cathodes. CNT, carbon nanotube; Gr, graphene; Li,S, lithium sulfide; SEM, scanning electron microscopy; XPS, X-ray photoelectron

spectroscopy.

spectroscopy, in situ OM, and cryo-TEM analysis were
conducted. To monitor the changes occurring at the
Li,S cathode in real time, a test cell equipped with a
quartz window on the cathode side was adopted. As a
test cell was electrochemically charged by connecting
it to the galvanostat, Raman spectroscopy and high-
resolution digital OM were performed. The setup for
the in situ analysis is presented in Figure 6A.
Figure 6B shows the obtained Raman spectra during
the charging process as a contour plot. At the
beginning of the charge, the spectrum of the compact
Li,S/Gr/CNT cathode showed a Li,S band at
373cm™,**™** but the intensity of the Li,S band
gradually weakened as charging proceeded.
Interestingly, the intensities of the characteristic
peaks of Sg at 152, 220, and 473 cm *** appear early
from a 12% state of charge (SoC). In addition, high and
low polysulfide bands, which primarily appear at
398 cm™ (S-S stretching mode in Sg"°, n=1, 2) and
453 cm™* (stretching mode of S,>7), respectively, were not
observed before the formation of the Sg.***>*° During the

well-known charging process of Li-S batteries, Li,S is
converted into LiPs, which is then finally converted into
Ss at the end of the charge.”*'*>*7*® The early detection
of Sg and the absence of polysulfide bands during the
entire charging process provide strong evidence for
the direct conversion of the Li,S into Sg without the
formation of polysulfide intermediates. The compact
Li,S/Gr/CNT cathode was charged to 50% of the full
charge, and the cathode was then retrieved and analyzed
by cryo-TEM (Figure 7). The bright-field TEM image
shows agglomerates of nanoparticles with sizes less than
10nm interspersed with relatively larger particles
(10-100nm) embedded in the Gr/CNT composite
(Figure 7A,C,E).

No elongated orthorhombic Li,S, which is a meta-
stable phase at atmospheric pressure, was detected,
suggesting that the metastable Li,S was readily delithiated,
thus promoting the conversion of Li,S. For comparison,
bright-field TEM images of a Li,S/Gr cathode at a 50% SoC
are shown in Figure S6. Similarly, agglomerates of Li,S
nanoparticles within Gr sheets were observed, and the
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(C), line 1 shows the Al mesh and cathode viewed through a hole in the Al mesh (refer to the schematic, shown in (A)), and line
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elongated orthorhombic Li,S phase was not observed.
However, different from the Li,S/Gr/CNT cathode,
relatively large Li,S particles (the cubic phase shown in
Figure S6D) with sizes ranging from 200 to 500 nm were
detected in the Li,S/Gr cathode. These large Li,S particles
in the Li,S/Gr cathode substantiate the efficacy of the CNT
networks in inducing uniform reactions across the entire
electrode. For the Li,S/Gr/CNT cathode, accompanying
SAED patterns confirm the presence of the cubic Li,S
phase and show an additional ring pattern with a d-
spacing of 4.5 A, distinct from the ring patterns of the Gr/
CNT composite (Figure 7B,D, and Figure S7). This
additional pattern could be matched to -Sg (PDF#: 65-
6467), delithiated from the Li,S during the conversion
process. In contrast to the general “solid-liquid-solid”
mechanism, in which Sg appears at the end of the
charging process,”>** the TEM analysis results indicate
that Sg and Li,S coexist even at 50% SoC, resulting from
the direct conversion (Li,S — Sg) reaction mechanism. {3-
Sg, which is vulnerable to damage by an electron beam,
was observed using cryo-TEM at a low temperature
(103.15K); to the best of our knowledge, this is the first
simultaneous observation of Li,S and Sg in the direct
conversion process.

Next, using high-resolution OM, we observed the
conversion process of Li,S in a compact Li,S/Gr/CNT
cathode in real time. The surface of the cathode
beneath the Al mesh was analyzed through a mesh
hole (width: 360 um. Height: 900 um) under the
window. The optical images in line 1 of Figure 6C
show the Al mesh and the cathode viewed through the
mesh hole, and line 2 shows magnified optical images
of the cathode during the overall first charging process.
The low-magnification images in line 1 visually
confirmed that yellow liquid LiPs was not induced
during the entire charging process. For comparison, an
optical image showing an environment in which
yellowish LiPs are present is shown in Figure S8. In
the high-magnification images in line 2, the conversion
process of the Li,S into Sg can be visualized. Initially,
the Li,S particles gradually disappeared, and new S
species emerged in the immediate vicinity. In this case,
new S species considered to be $-Sg also appeared first
at an SoC of ~10% and then gradually continued to
emerge. At the end of the charging process, the Li,S
particles that existed in the early stages of charging
finally disappeared, and only Sg was apparent. The
bright-field TEM images of the Li,S/Gr/CNT cathode
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microscopy.

at 100% SoC show that Li,S nanoparticles nearly
disappeared at the end of charging, and sulfur
compounds, whose morphology was difficult to spec-
ify, were observed throughout the Gr/CNT composite
(Figure S9). The in situ OM observations correspond
well with the in situ Raman and cryo-TEM analyses. In
summary, a series of analyses provided consistent
evidence of a direct conversion reaction (from Li,S to
Sg) occurring during the first charging process of a
compact Li,S/Gr/CNT cathode.

3.4 | Scaled-up pouch-type cell using
the Li,S/Gr/CNT cathode

The fabrication of pouch-type cells with practical
utility is important for evaluating the feasibility of the
proposed concept; however, because of technical
difficulties, including issues related to handling of

Li,S, Li,S-based Li-S batteries are rarely constructed
using pouch-type batteries. To the best of our
knowledge, this is the first study to fabricate Li,S-
based multistacked pouch-type half and full batteries
using a compact Li,S/Gr/CNT cathode with such a
high Li,S loading (10 mgcm™ on each side of the
cathode; Figure 8). Their configurations are shown in
Figure 8A. The pouch-type half and full batteries
deliver 6.7 and 5.3 mAhcm ™2, respectively, at 0.05C,
and show capacity retentions of 86.4% and 92.5% after
50 cycles, respectively (Figure 8B,C). The energy
density of the large-sized cathode used in the pouch-
type cell was 1006.3Whkg™, which presented a
superior energy density of the proposed Li,S/Gr/
CNT cathode (calculation details are presented in
Table S2).

Interestingly, the half battery showed a fluctuating
Coulombic efficiency and capacity after 30 cycles,
whereas the pouch-type full battery (free of Li metal)

85UB01 7 SUOWIWOD SAIER.D 3(qedlidde ay) Aq peusencb a.e s9jolLe VO ‘88N JO S9INJ 10} ARIqiT8UIIUQ A1/ UO (SUOTIPUOD-PUR-SWB)LI0D" A3 1M ALeIq 1 Bul|Uo//Sdiy) SUONIPUOD pue WIS | 8Y) 88S *[£202/20/80] Uo Ariqiauluo A ‘Ariqi Aisieaiun BueAueH Aq 80€ 2A80/200T 0T/10p/W00" A8 1M Aeiq iUl |UO//Sdny W01} pepeojumod ‘0 ‘89E6/£92



KIM ET AL.

21wy LEY->ARBON ENERGY

(A) Li metal / Graphtie
4— Anode —

AN

(Li metal) Half Cell

Double-sided
<— Highloading —»
cathode (10 mg cm?)

Li metal / Graphtie
Anode

4

(Graphite) Full Cell

(B)
2007 . 884 ~= 1200 = E 100
& T8 m oooooO0OSpOpopoonOoSoboonnooMop ol I
§ = E’EI---.E'E'E't
o c ag
= J ] < J 00000000000 80
% 150 gsﬁ t 900 090 ’ °,°°°°°°° ~
£ £ 2 L60 &
21004 2444 ¢ 600- wi
[&] (S Q. y
S g 3 Li,SILi metal Half cell | T
S 504 8224 o 3001 e
o (‘_; = Li,S loading: 10 mg cm? X 2 20
o e © : (Li metal) Half cell 1.8-2.8V, 0.05C, 30C
od <00l o0 , r . . 0
0 10 20 30 40 50
Cycle number
()
2007 . 8.8 = 1200 100
e 'S B8 EO0 0000066000000 000000000000000006600006000000 0
5] <
5150- < 661 E 900 - L, 80
~ 000000000 <
E E > -60 E
21004 2444 S 600 ui
[&] [&] o .
@ ® & ) ) L40 O
S 50 . § 9] S 300 J Li,SliGraphite Full cell
o = |5 Li,S loading: 10 mgcm? X 2 |20
o 2 © - : (Graphite) Full cell 1.6-2.8V, 0.05C, 30°C
ol<oolw o r , . , 0
0 10 20 30 40 50

FIGURE 8 Pouch-type half and full Li-S cells fabricated using the compact Li,S/Gr/CNT cathode. (A) Schematic of the pouch-type half

Cycle number

and full cells. For the cathode, double-sided compact Li,S/Gr/CNT cathodes with a Li,S loading of 10 mg cm™ (on each side of the cathode)

were used. The full cell was fabricated using the high-loading graphite anode (N/P ratio: 1.2). (B) The half-cell was operated in the range of

1.8-2.8 V and (C) the full cell was operated in the range of 1.6-2.8 V. All tests were performed at 0.05 C and 30°C. CNT, carbon nanotube; Gr,

graphene; Li,S, lithium sulfide.

demonstrated stable cycling for the full 50 cycles. As
shown in the digital photograph of the Li metal anode
from the pouch-type half-battery after 50 cycles
(Figure S10), Li metal was found to be unevenly depleted,
especially at the center of the electrode, and the copper
current collector was exposed. This shows the instability
of Li metal anodes in Li-S batteries, in which
uncontrollable LiPs dissolved into the electrolyte, induc-
ing shuttle reactions and forming a thick passivation
layer on the Li metal, thereby causing uneven electro-
chemical reactions on both electrodes. These results
highlight the need to develop a highly stable Li-metal-
free anode and a Li,S-based Li-S battery that can utilize
this anode.

4 | CONCLUSION

In this study, we focused on the fabrication of a high-
performance Li,S-based cathode; thus, we proposed a
rationally designed compact Li,S/Gr/CNT cathode using a
high-pressure pelletization method. The planar morphology
of Gr allowed large-area contact with bulk Li,S, thus
inducing the facile activation of Li,S, and the electrical
network formed by the CNTs maintained a uniform, facile
reaction during prolonged cycling. In addition, the compact
geometry of the cathode enables close contact between the
carbon matrix and the active materials. Compared to
previously reported results on Li,S-based Li-S batteries, the
half and full Li-S batteries using a compact Li,S/Gr/CNT
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cathode showed unprecedented high areal capacity and cycle
life, as shown in Figure 4F and Table S1. Notably, a direct
conversion reaction (from Li,S to Sg) during the first charge
was observed in the compact Li,S/Gr/CNT cathode and it
was investigated using in situ techniques and cryo-TEM. In
the proposed compact Li,S/Gr/CNT cathode, the highly
conductive carbon matrix, the compact geometry of the
electrode, the highly deformed metastable Li,S (formed
during the high-pressure pelletization), and this unique
direct conversion reaction all contributed to the effective
activation of Li,S. Even with lean electrolyte conditions
(electrolyte amount to Li,S weight ratio of 7uLmg™),
notably, the cathode shows high electrochemical activity
with a practical areal capacity of ~9.7mAhcm™ at 0.2C
(Figure S11). Finally, large-size pouch-type Li,S-based half
and full Li-S batteries with a high Li,S loading of 10 mg cm™
were also demonstrated, providing insights into the impor-
tance of anode selection in Li-S batteries. It is believed that
the advantages of Li,S-based Li-S batteries, which can avoid
issues related to safety hazards of Li metal anodes, will
effectively accelerate the practical use of Li-S batteries. We
hope that our well-established understanding of carbon
materials, this newly proposed cathode, and the electro-
chemical performance observed in this study will provide
useful guidelines for further development of Li-S batteries.
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