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1 | INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) based on a pair
of active host materials exhibit high round-trip efficiency,
stable cyclability, and competitive energy density, and
these unique properties have resulted in their widespread
use in portable electronic devices and electric vehicles.'
However, the designated charge storage sites of the host
materials significantly restrict lithium-ion redox capaci-
ties, which hinders the development of advanced LIBs to
meet the changing demands in the new industrial
epoch.*® In addition, sluggish lithium-ion migration via
solid-state diffusion in the long-range-ordered host struc-
ture results in large overpotentials and low rate capabili-
ties.”'° These apparent disadvantages necessitate the
development of high-performance anode materials, and
a variety of suitable anode materials, such as metal oxide/
sulfide, silicon, tin, and carbon-based materials, have been
considered as potential candidates."™*° However, the
application of these anode materials is limited by several
complicated issues, such as large voltage hysteresis, large
volume changes, poor Coulombic efficiencies (CEs), and
insufficient cycling stabilities. Therefore, these newly
developed materials have considerable limitations to
overcome for surpassing the overall electrochemical
performance of typical graphite-based anodes in LIBs.****

Owing to a lack of feasible alternative anode materials
and the urgent need for high-energy-density LIBs,
considerable efforts are being devoted to the study of
lithium metal anodes (LMAs) because of their high
theoretical capacity of 3860mAhg™" and low redox
potential of —3.04V (vs. SHE). High-capacity LMAs can
deliver a significantly more number of charges than those
of typical graphite through a small amount of mass loading
and can recover the lithium loss that occurs during the
charge/discharge process. This enables a sharp increase in
specific energy density and 100% CEs during cycling.****
However, critical issues persist in the application of LMAs,
such as unexpected dendritic lithium metal growth,
consecutive electrolyte consumption, large volume
changes, low CEs, a substantial increase of overpotentials,
and poor cell stabilities.**>* These issues can be mitigated
by introducing three-dimensional-structured lithiophilic
electrodes (3D-LEs); their high lithiophilicity and large
surface areas can facilitate homogeneous lithium metal
nucleation and growth in extensive surfaces, and the inner
spaces of the 3D structure can accommodate lithium
metals with insignificant changes in volume.* > Further-
more, if the 3D-LEs are used as active host materials,
considerable merits of both 3D-LEs and active host
materials can be utilized as a bifunctional hybrid anode
(BHA). Additionally, the introduction of BHAs can reduce
excess lithium metal loading owing to the presence of

highly reversible active host materials, thereby increasing
battery safety.***” The potential advantage of using BHAs
was demonstrated by Martin et al., who revealed that the
BHA with a bulk graphite reduces the stack mass loading
density by approximately 85% in comparison to conven-
tional LIBs, leading to an enhancement in energy density
by ~19%.%® The synergistic effect can be improved using
active host materials, which are more lithiophilic and have
higher active surface areas. However, many previous
reports have focused only on the functionality of the
3D-LEs, and negligible attention has been paid to BHAs
despite their high potential for application in excess
lithium-aided LIBs (EL-LIBs).>**

This study presents high-performance BHAs based
on sulfur-doped hard carbon nanosphere assemblies
(S-HCNAs). The effects of electrolyte additives, such as
vinylene carbonate (VC) and fluoroethylene carbonate
(FEC), on the BHAs were studied through experimental
comparison to improve dual lithium-ion and metal
storage performance in carbonate-based electrolyte sys-
tems. The S-HCNA-based BHAs demonstrated a high
electrochemical performance in both lithium-ion and
metal storage and exhibited significant potential in the
full-cell tests. This study is the first to prove the
practicality of using EL-LIBs employing BHAs as next-
generation high-energy-density LIBs.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of S-HCNAs

First, 0.3 M sucrose solution was prepared by dissolving
14.36 g of sucrose in 140 mL of distilled (DI) water for
1 h. The solution was then heated up to 180°C and held
for 4h in a PTFE-lined stainless-steel autoclave. After
cooling the autoclave naturally, the products obtained
were centrifuged at 9500 rpm for 30min and washed
with DI water and ethanol. The as-obtained products
were then physically mixed with 500 wt.% elemental
sulfur in a mortar, and the resulting mixture was
annealed at 1200°C for 2h in a tube furnace. A heating
rate of 5°C min™ was applied in the annealing process,
under a 50 mLmin~' Ar flow. The final products,
S-HCNAs, were obtained after naturally cooling the
tube furnace. An identical fabrication process without
elemental sulfur was applied to obtain the HCNAs.

2.2 | Characterization

Morphologies of the S-HCNAs and HCNAs were observed
through high-resolution transmission electron microscopy
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(HR-TEM) (JEM2100F; JEOL) and field emission scan-
ning electron microscopy (FE-SEM, S-4300; Hitachi).
Local carbon microstructures of the S-HCNAs and
HCNAs were characterized using X-ray diffraction
(XRD) (Rigaku DMAX 2500) with a Cu-Ka radiation
source (4 =0.154 nm, 40kV, and 100 mA) in the 26 range
of 5°-60°. Surface chemical properties were analyzed
using X-ray photoelectron spectroscopy (XPS) (PHI5700
ESCA) with monochromatic Al-Ka radiation. Raman
spectroscopy (LabRAM HR Evolution; Horiba) was used
to characterize the in-plane carbon microstructure and
graphenic domain sizes of the S-HCNAs and HCNAs
using a laser (wavelength: 514.5nm), 1200 groove mm '
grating, and X2000 objective lens. The porous structures of
the S-HCNAs and HCNAs were analyzed via nitrogen
adsorption and desorption isotherms obtained using
porosimetry and surface area analyzers (ASAP 2460;
Micromeritics) at —196°C.

2.3 | Electrochemical characterization

The electrochemical performance of S-HCNAs was
characterized using a Wonatech automatic battery
cycler and CR2032-coin cells. Coin cells for all electro-
chemical tests were assembled in a glove box filled with
argon gas. The S-HCNA anodes and commercial
NCMS811 cathodes were prepared via a slurry method
as follows: (1) The active material (S-HCNA or
NCMS811), polyvinylidene fluoride binder, and conduct-
ing carbon were mixed in a weight ratio of 8:1:1 in
N-methyl-2-pyrrolidone solvent. (2) The mixture was
cast on Cu or Al foil. (3) The coated slurry was dried at
80°C for 30min in a vacuum oven. The working
electrodes were prepared by puncturing the S-HCNA
anode or NCMS811 cathode to obtain 1/2-inch pieces. A
metallic Li foil was used as both the reference and
counter electrodes, and a glass microfiber filter (GF/F,
Whatman) was used as the separator for the half-cell
tests. The electrolyte was prepared by dissolving 1.0 M
LiPF¢ (Sigma-Aldrich) in a DMC and EC solution
(1:1v/v). For the half-cell tests, the galvanostatic
discharge/charge process was conducted at 20 mA g~*
in an operating voltage window of 0.01 to 2.70 V versus
Li*/Li, and the galvanostatic lithium metal deposition/
dissolution cycles were measured at different current
densities from 80 to 6400 mA g™ ', with a cut-off capacity
of 800m Ahg™'. Electrochemical impedance spectros-
copy (EIS) was performed at room temperature over a
1 mHz-1MHz frequency range. For the full-cell tests,
precycled S-HCNA anodes and NCM811 cathodes were
extracted from their respective half-cells and reas-
sembled as full cells. The electrochemical performance
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of the full cells was characterized at 20mA g™~ in a
voltage window of 2.7-4.4V.

3 | RESULTS AND DISCUSSION

The S-HCNAs exhibit a 3D-macroporous structure
composed of interconnected uniform nanospheres
approximately 500 nm in diameter (Figure 1A,B). The
HR-TEM image reveals a highly complex microstructure
consisting of poorly developed graphitic lattices, which
are randomly oriented on the overall surfaces (Figure 1C).
The blur graphite (002) and (100) ring patterns of the
selected area diffraction suggest the presence of a not
well-ordered graphitic structure (inset of Figure 1C). The
d-spacing of the graphitic lattices, calculated from the
HR-TEM image, exhibits a broad range of 3.4-4.2 A, and
the structure is dominated by expanded lattices with
spacings of approximately 3.7-4.0 A (Figure 1D). The
microstructure of the S-HCNAs was analyzed in signifi-
cant detail via XRD and Raman spectroscopy
(Figure 1E,F). The XRD pattern exhibits a broad graphite
(002) peak at 23.5°, corresponding to a
d-spacing of 3.8 A, which is in strong agreement with
the HR-TEM analysis results (Figure 1E). In addition,
the Raman spectrum exhibits a relatively large D
(~1331cm™) to G band (~1573cm™') intensity ratio
(Figure 1F). Because the D band is induced by the
asymmetric vibration of the six-membered carbon rings,
the large D band intensity indicates the presence of a
large number of defects, which deform the ordered
polyhexagonal planes. Hence, the XRD pattern and
Raman spectrum collectively reveal that topological
defects deform the planar graphenic carbon domains of
the S-HCNAs, resulting in expanded and not well-
ordered graphitic structures. Similar morphology and
microstructure are observed in the HCNA fabricated
without any sulfur dopants, indicating that the sulfur
molecules affected neither the 3D-macroporous mor-
phology nor the microstructures comprising spherical
primary particles during the fabrication process
(Figure S1).

Surface chemical structures of the S-HCNAs were
characterized through XPS analysis (Figure 1G,H). The
C 1s spectrum reveals two distinctive carbon bonds at
284.4 and 285.2 eV corresponding to C=C and C-C/C-S,
respectively, and minor C-O and C=O bonds are also
confirmed at 284.4 and 285.2 eV respectively (Figure 1G). In
the S 2p spectrum, C-S and C=S bonds are mainly observed
with a minor C-SO,. bond (Figure 1H). The S/C atomic ratio
is ~0.05, and the specific sulfur content in the S-HCNAs is
confirmed as 4.8wt.% via elemental analysis. The sulfur
content of the S-HCNAs is also more than twice that of
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FIGURE 1 Material properties of S-HCNAs. (A,B) FE-SEM images at different magnifications. (C) High-resolution FE-TEM image and
the inset presenting the selective area diffraction pattern; (D) d-spacing variation. (E) XRD pattern, (F) Raman spectrum, XPS (G) C 1s and
(H) S 2p profiles, (I) nitrogen adsorption-desorption isotherms, and (J) pore size distribution. FE-SEM, field emission scanning electron

microscopy; FE-TEM, field emission transmission electron microscopy; S-HCNAs, sulfur-doped hard carbon nanosphere assemblies; XPS,

X-ray photoelectron spectroscopy; XRD, X-ray diffraction.

previously reported sulfur-doped graphene (S/C ratio:
0.02).*

Porous properties of the S-HCNAs were analyzed via
nitrogen adsorption and desorption isotherm  tests
(Figure 1I). The isotherm curves show a sharp increase
in the quantity of adsorbed nitrogen over the initial relative
pressure region, indicating that the S-HCNAs have a large
open surface area for monolayer nitrogen adsorption. The
S-HCNAs also have a specific surface area of ~150m?* g™,
which is a much higher value than that of typical graphite-
based materials (<2m?®g™"). Pore size distribution data
obtained using the Barrett-Joyner-Halenda method shows
that the S-HCNAs have multitudinous micropores of
<2 nm as well as macropores, as observed in Figure 1A,B.

An in-depth analysis of the material properties of S-
HCNAs reveals their significant application potential as
BHAs for EL-LIBs. The S-HCNAs have a disordered
graphitic structure consisting of a large number of
defects, which can serve as redox hosts for lithium-ion
storage. The high specific surface area of S-HCNAs with
enriched sulfur dopants can facilitate their application as
a lithiophilic catalytic substrate to enable homogeneous
lithium metal nucleation and growth. Moreover, nano-
scale pores developed on the lithiophilic surfaces can
facilitate lithium metal nucleation, and the macropores
can accommodate the deposited lithium metal with the

negligible volume change, thereby providing optimal
bimodal pore structures for lithium metal storage. The
twofold lithium-ion and metal storage performance of
the S-HCNAs was examined through galvanostatic
discharge/charge tests, and the effects of electrolyte
additives and sulfur functional groups on their electro-
chemical performance were confirmed through compar-
ative experiments.

Electrochemical lithium-ion storage performance of
S-HCNAs was investigated in a lithium half-cell using a
carbonate-based electrolyte system composed of 1M
LiPF¢ and ethylene carbonate (EC)/dimethyl carbonate
(DMC) mixture solution (1:1v/v). The tests were
performed both without an additive and with 5wt.%
VC and 5wt.% FEC additives (Figure 2). In the operating
voltage window between 0.01 and 2.70V versus Li*/Li,
all the lithiation profiles obtained using the different
electrolyte systems exhibit two distinctive charge storage
sections—a sloping capacity region (Cs), followed by a
plateau capacity region (C,) (Figure 2A). The C; is
attributed to lithium-ion chemisorption in the numerous
defect sites and its insertion into the disordered graphitic
lattice sites. With increasing lithiation capacity, the
chemical potential gap (Au) between lithiated S-HCNA
and the lithium metal continuously decreases, leading
to a linear voltage drop (Figure S2). In contrast, the
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FIGURE 2 Electrochemical performances of S-HCNAs for lithium-ion storage over a voltage window of 0.01-2.70 V versus Li*/Li in
different carbonate-based electrolyte systems (1 M LiPF¢in EC/DMC (1:1v/v) with no, 5wt.% VC, and 5wt.% FEC additives).

(A) Galvanostatic discharge/charge profiles at 20 mA g™, (B) bar graphs for the Cp/Crey ratios, (C) EIS profiles at frequencies between 1 mHz
and 1 MHz characterized after full lithiation, ex situ XPS (D) C 1s and (E) F 1s profiles measured after the initial cycle, (F) rate capabilities
at current densities from 20 to 1000 mA g, (G) average CE bar graphs at different cycle numbers, and (H) cycling performances including
CE values. CE, Coulombic efficiency; DMC, dimethyl carbonate; EC, ethylene carbonate; EIS, electrochemical impedance spectroscopy;
FEC, fluoroethylene carbonate; S-HCNAs, sulfur-doped hard carbon nanosphere assemblies; VC, vinylene carbonate; XPS, X-ray

photoelectron spectroscopy.

presence of the following C;, suggests the formation of a
new lithiation phase at ~0 V. This phase may originate
from pore filling that occurs through lithium nanocluster
formation on the internal closed pores of the S-HCNAs
(Figure S2). The overall reversible capacities (Cyey) of the
S-HCNAs were generally similar with values of ~368,
~369, and ~371mAh g™' in the electrolyte systems
without additives, with VC and with FEC additives,
respectively, whereas the C,,/C,.y ratio varied according to
additives (Figure 2A,B). In the FEC-added electrolyte, the
Cp/Crey ratio was approximately 43.8%, which is 4.7% and
7.2% higher than those of additive-free and VC-added
electrolytes, respectively (Figure 2B). In addition, the
voltage hysteresis between the discharge/charge profiles
was much lower in the FEC-added electrolyte, thereby
demonstrating its higher energy efficiency (Figure 2A).
EIS profiles revealed that the different plateau capacities
and voltage hysteresis values were due to the differences
in surface film resistance (Ry and charge transfer
resistance (R.) (Figure 2C). The R¢/R.; values of the S-
HCNAs were approximately 53/67, 64/70, and 28/21 Q in
the additive-free, VC-added, and FEC-added electrolytes,
respectively. The much lower R; value in the FEC-added

electrolyte implies that more conductive and/or thinner
solid-electrolyte interface (SEI) layers were formed with
the FEC additive on the surface of the S-HCNAs.
Moreover, the significantly lower R, value indicates the
highly advantageous effects of FEC additives on the
charge transfer kinetics of S-HCNAs. Ex situ XPS analysis
data show clear differences in the SEI composition of the
S-HCNAs in the different electrolyte systems following the
initial cycle (Figure 2D,E). The ex situ XPS C 1 s spectra of
the S-HCNAs cycled in the different electrolytes revealed
that the highest sp-structured carbon bonding intensity
was observed for the S-HCNAs cycled in the VC-added
electrolyte (Figure 2D). In addition, the ex situ F 1s spectra
show that inorganic LiF content was reduced while using
the VC additive, while the use of the FEC additive
significantly increased the LiF content (Figure 2E). These
results suggest that the inorganic SEI component is a key
factor allowing the enhanced lithium-ion migration and
charge-transfer kinetics, as observed in Figure 2C. The
FEC-induced SEI layer also led to the lower Ry and R
values, which retarded the low voltage cut-off and led to
the consequential increase in the C, values (Figure 2B).
The FEC-induced SEI layer also shows enhanced rate
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capabilities and reversibility in the current densities from
20 to 1000mA g~' (Figure 2F). More importantly, CE
values were significantly improved while using the FEC
additive (Figure 2G). The CE value of the FEC-added
electrolyte was ~4.5% higher than that of the additive-free
and VC-added electrolytes in the first cycle, and the higher
CE value was maintained during the successive cycles. In
the 2-5th and 6-30th cycles, average CE values of ~98.6%
and 99% were achieved, respectively. These are 3.2/3.1%
and 0.9/0.3% higher than those of the additive-free and
VC-added electrolytes, respectively. The higher CE values
led to more stable cycling behaviors, wherein the initial
Crev Values were well-maintained during cycling for over
100 cycles (Figure 2H). Additionally, the effects of sulfur
functional groups and heating temperatures on the
lithium-ion storage performances were compared in
a similar lithium half-cell system (Figures S3-S5). In all
the galvanostatic discharge/charge profiles of the HCNAs
with no sulfur dopants, larger voltage hysteresis values
were confirmed at the sloping voltage section regardless of
electrolyte additives (Figure S3). In addition, CE values of
the HCNAs are overall lower than those of the SSHCNAs
(Figure S4 and Table S1), supporting that sulfur dopants
can improve the reversibility of the lithium-ion redox
reactions in hard carbon structures. Moreover, heating
temperatures strongly affect the lithium-ion storage
capacities. The lower or higher heating temperatures than
the target temperature, 1200°C, for the fabrication of S-
HCNAs led to the reduction of reversible capacities from
~14 to ~52%, wherein the S-HCNAs prepared at 1200°C
were used for the target hybrid anode (Figure S5). The
superiority of S-HCNAs for lithium-ion storage perform-
ances can be confirmed in Table S2, where the CE values,
reversible capacity, and capacity retention of S-HCNAs are
higher than those of previously reported hard carbon
materials.**™*’

To investigate the hybrid lithium-ion and metal
storage performance of the S-HCNAs in the different
electrolyte systems, galvanostatic lithiation—delithiation
tests were conducted with a cut-off capacity of 800 mA
hg™'; this is approximately composed of a half and half
ratio for lithium-ion and metal storage capacities,
respectively. The catalytic ability for lithium metal
nucleation was characterized using the voltage gap
between the lowest voltage and proceeding plateau
voltage and is denoted as the lithium-metal nucleation
overpotential (3,), as shown in Figure S6. Despite using
the same electrodes in the experimental runs, large
differences in the 7, values were observed according to
the electrolyte systems (Figure 3A-C). In the additive-
free electrolyte, the 7, value was ~18 mV, which
increased to ~23mV in the VC-added electrolyte
(Figure 3A,B). In contrast, the 7, value in the FEC-

added electrolyte was significantly reduced to ~13mV
(Figure 3C). The sizable variation of 7, values results
from the different SEI layers because lithium metal
nucleation occurs in the solid-solid interface between the
S-HCNA and the SEI layer.*** According to the
conventional nucleation theory, lithium metal nucleation
is limited by interfacial surface energy (¥), which can be
reduced by the formation of more lithiophilic solid
interfaces.”>>! Therefore, the lower 7, value of the FEC-
induced inorganic-rich SEI layer indicates that it has
better lithiophilicity, thereby demonstrating that the FEC
additive is very effective in enhancing the lithium-ion
and metal storage characteristics of the S-HCNAs.

The  electrochemical performance of the
S-HCNA-based BHAs was further tested at different
current densities ranging from 40 to 6400mA g’
(Figure 3D-F). In the additive-free electrolyte, the
galvanostatic lithiation-delithiation profiles show a
comparatively lower initial CE value (Figure 3D). In
addition, a significant decrease in CE values and large
voltage hysteresis is observed with increasing current
densities. The initial CE value, voltage hysteresis, and
rate capabilities are generally improved in the VC- and
FEC-added electrolytes compared to those in the
additive-free electrolyte (Figure 3E,F). In particular,
voltage hysteresis was reduced considerably, up to
~160mV in the FEC-added electrolyte. This outcome
was observed even at a high current density of
6400mA g~!, and it was only ~40% of that in the
additive-free electrolyte (Figure 3F). Moreover, the
higher CE values were well-maintained in the wide
current ranges. To elucidate round-trip efficiencies in
the different electrolytes, average CE values were
measured for the 2nd-30th cycles at different current
densities (Figure 3G). In the additive-free electrolyte,
the BHAs showed insufficient CE values of 91.7%-76.7%
at 0.08-6.4 Ag™', and the values were improved in the
VC-added electrolyte to 95.0%-92.2% and further
improved to 96.5%-93.9% in the FEC-added electrolyte
at the same current density.

For a clear comparison, average CE values of different
carbon materials, namely, commercial graphite nano-
plates (GNPs) and HCNAs, were analyzed in the different
electrolyte systems (Figure 3H). GNPs and HCNAs
principally showed lower CE values than the S-HCNAs
in the applied current densities, thereby demonstrating
the superiority of the disordered graphitic structure over
the well-ordered graphite and the positive impact of the
sulfur functional groups on the twofold lithium-ion and
metal storage performance. Notably, the FEC additive is
also highly effective for the GNPs and HCNAs: average
CE values were significantly improved by adding VC and
FEC additives, from 90.0 to 94.1 and 94.3 for the HCNAs
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FIGURE 3 Electrochemical performances of the S-HCNA-based BHAs with a cut-off capacity of 800 mA hg™" in different carbonate-
based electrolyte systems (1 M LiPFs in EC/DMC (1:1v/v) with no, 5wt.% VC, and 5wt.% FEC additives). Galvanostatic lithium metal
deposition profiles at a current density of 50 mA g~ in the different carbonate-based electrolytes containing (A) no additive, (B) 5wt.% VC,
and (C) 5wt.% FEC additives. Galvanostatic lithium metal deposition/dissolution profiles at different current densities from 80 to

6400 mA g~ in the different carbonate-based electrolytes containing (D) no additive, (E) 5wt.% VC, and (F) 5wt.% FEC additives. Average
CE bar graphs of (G) S-HCNA-based BHAs and (H) GNP- and HCNA-based BHAs at different current densities. (I) Cycling performances
over 100 cycles at a current density of 800 mA g~*. BHA, bifunctional hybrid anode; CE, Coulombic efficiency; DMC, dimethyl carbonate;
EC, ethylene carbonate; FEC, fluoroethylene carbonate; GNP, graphite nanoplates; HCNA, hard carbon nanosphere assemblies; S-HCNA,
sulfur-doped hard carbon nanosphere assemblies; VC, vinylene carbonate.

and from 86.4 to 93.1 and 93.5 for the GNPs, respectively,
at 0.8 A g~*. Significant increases were also achieved at a
higher current density of 6.4 Ag™', where average CE
values of 75.1 for the HCNAs increased to 91.6% and
91.8% upon the addition of VC and FEC, respectively; for
the GNPs, the addition of VC and FEC led to the increase
of average CE values from 68.5% to 90.8% and 91.6%,
respectively.

Additionally, the cycling performance of the S-
HCNA-based BHAs was characterized by a cut-off
lithiation capacity of 800mA h g~! and a current density
of 800mAg™' in the different electrolyte systems
(Figure 3I). Over 100 cycles, average delithiation

capacities of ~693, ~743, and ~767 mAh g_1 were
achieved in the additive-free, VC-added, and FEC-
added electrolyte systems, respectively. This shows that
the highest reduction in capacity loss during cycling is
achieved in the FEC-added electrolyte system. Ex situ
FE-SEM images support the highly stable and efficient
cycling behavior of the S-HCNAs in the FEC-added
electrolyte, wherein the deposited lithium metal is
homogeneously coated on the surface of the spherical
S-HCNA particles and can be reversibly removed from
the surface (Figure S7A,B). In contrast, nonuniform
lithium metal deposition and byproduct formation were
observed in the VC-added and additive-free electrolytes
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FIGURE 4 Li/S-HCNA-based BHA//NCMS811 full cells. Schematics showing galvanostatic profiles of both the anode and cathode at
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performance in different electrolyte systems and (H) Ragone plots of different energy storage devices, including the Li/S-HCNA-based
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(Figure S7C-F). This observation further highlights the
essential nature of the FEC additive in the BHAs. In-situ

XRD patterns of the

the lithiation/delithiation process in the FEC-added

S-HCNAs characterized during
metal

electrolyte show no peak change in the overall lithium
metal deposition/dissolution process (Figure S8). This
result indicates that the homogeneously coated lithium

is in an amorphous state. In the previously
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reported results, it was confirmed that amorphous
lithium can guide homogeneous lithium metal growth
with no preferred direction, enabling dendrite-free
lithium metal deposition/dissolution cycles. Hence, the
S-HCNA-based lithium-ion/metal hybrid anode system
can be a great strategy for high-energy-density LIBs.>*>?

To prove the practicality of the S-HCNA-based BHA
for application in the EL-LIBs, a full-cell test was
conducted using NCM811, which is a typical cathode
material. The electrochemical performance of the
NCMB811 cathode was characterized in a half-cell using
the FEC-added electrolyte over a voltage window of
2.7-43V versus Li*/Li (Figure S9). Galvanostatic
charge/discharge curves show Cy, and CE values of
~192mAhg™' and ~99.5%, respectively (Figure S9A).
The C.., values gradually decreased with increasing
current densities over a continuous 45-cycle span, and
the initial C., was fully recovered when the current
density returned to the initial value, thereby indicating
appreciable rate capabilities and reversibility (-
Figure S9B). During 100 cycles, the Ci., values continu-
ously decreased, and approximately 82% (~157 mAhg™")
of the initial C,., value was retained in the half-cell
cycling test (Figure S9C). An EL-LIB was assembled
using BHAs and the NCM811 cathode after galvanostatic
pre-cycling in their respective half-cells. For the full-cell
assembly, the BHA was lithiated at 800 mA hg™' during
the pre-cycling process, and the N/P ratio was designed
to be 200%. From the schematic presented in Figure 4A,
lithium ions delivered from the NCMS811 cathode are
deposited/removed on the BHA during the first charge/
discharge process. In this process, the state of charge
(SoC) of the BHA changes in the 100%-150% range, while
the NCM811 is completely charged/discharged. Initial
profiles show that the EL-LIBs can deliver C, values of
~120mAhg™" at an average voltage of 3.84V, which
corresponds to an energy density of 500 Whkg™
(Figure 4B). In the proceeding charge/discharge cycles,
excess lithium metal is gradually consumed to compen-
sate for the lithium loss during the cycling, and the
cathode capacities can be fully recovered in approxi-
mately 50 cycles despite the irreversible capacities
(Figure 4A,C). Therefore, the charge/discharge profiles
remained unchanged till the 50th cycle (Figure 4D). As
the excess lithium metal is exhausted during the cycling
process, the excess lithium-ions stored in S-HCNAs
compensate for the lithium loss (Figure 4E), which in
turn alters the charge/discharge profiles, leading to a
slight decrease of 3.79V in the average voltage
(Figure 4F). Similar cycling experiments were performed
in the additive-free and VC-added electrolytes; however,
insufficient CE values led to relatively poor cycling
performances (Figure 4G, Figures S10, and S11).

CARBON ENERGY-WI LEYy—L2o

Therefore, these results clearly demonstrate the effect
of the FEC additive on the performance of full-cell EL-
LIBs. In addition, the maximum energy density of the
EL-LIBs operated in the FEC-added electrolyte was
~500 Whkg™! at ~77 W kg™, which gradually decreased
with increasing power densities, finally reaching ~230 W
hkg "' at ~1695W kg™ (Figure 4H). The Ragone plot of
the EL-LIBs displays their superior relationship between
energy and power densities compared with that of
previously reported energy storage devices.”*>’ The
BHA strategy can be applied in the EL-LIB full-cell
system using a different type of carbon materials such as
carbon cloth,’® and much more in-depth studies are
needed to build better BHAs for high-energy-density
EL-LIBs.

4 | CONCLUSION

S-HCNA-based BHAs were prepared from a liquid
organic precursor via hydrothermal synthesis, fol-
lowed by high-temperature annealing with elemental
sulfur. Their lithium-ion/metal storage performance
was investigated in different carbonate-based electro-
lytes, namely, with no, VC, and FEC additives. In the
FEC-added carbonate electrolyte system, the S-
HCNAs showed high C,., values of ~371mAhg™,
with a high C,/C;., ratio of ~43.8 for lithium-ion
storage. High average CE values of ~96.9% were also
achieved, corresponding to the high cut-off capacity at
800mA hg~'. The BHAs were used in EL-LIBs with
an NCM811 cathode, and the excess lithium supple-
mented the lithium loss occurring during cycling,
ultimately recovering the initial capacities in the 50th
cycle. These results demonstrate that highly desirable
cycling performances with 100% CE values can be
achieved using the BHAs, and the stable cycling
numbers can be tuned by controlling the excess
lithium loading mass. In addition, EL-LIBs employing
the BHAs exhibited better energy and power densities
(~500 Whkg™! and ~1695 W kg™ !, respectively) than
previously reported energy storage devices.
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