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High-Performance All-Solid-State Lithium Batteries
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ABSTRACT: NiCo,S, nanoparticles (NPs) were dry coated on LiNi;¢Co,,Mn,,0, (NCM622) cathode using a resonant acoustic
coating technique to produce all-solid-state lithium batteries. The NiCo,S, coating improved the electrochemical properties of the
NCM622 cathode. In addition, NiCo,S, eliminated the space-charge layer and the cathode showed an excellent affinity with the
interface with a sulfide-based solid electrolyte as an inert material. X-ray diffraction patterns of NCM622 coated with NiCo,S,
showed the same peak separations and lattice parameters as those of bare NCM622. Field-emission scanning electron microscopy
and electron dispersive spectroscopy mapping analyses showed that 0.3 wt% NiCo,S,-coated NCM622 had an evenly modified
surface with NiCo,S, NPs. X-ray photoelectron spectroscopy (XPS) revealed that the surface of 0.3 wt% NiCo,S,-coated NCM622
had two different S 2p peaks, a Co—S peak, and Ni and Co peaks, compared to those of bare NCM622. Electrochemical studies with
electrochemical impedance spectroscopy and galvanostatic charge—discharge cycle performances showed that NiCo,S,-coated
NCM622 retained a higher specific capacity over multiple cycles than bare NCM622. Especially, 0.3 wt% NiCo,S,-coated NCM622
exhibited a capacity retention of 60.6% at a current density of 15 mA/g for 20 cycles, compared to only 37.3% for bare NCM622.
Finally, interfacial XPS and transmission electron microscopy-electron energy loss spectroscopy analyses confirmed the stable state
of 0.3 wt% NiCo,S,-coated NCM622 with minimal side reactions.

1. INTRODUCTION electrolytes have a wide electrochemical window of up to 5
Nowadays, lithium-ion batteries have been applied as energy V, which can be used to commercialize a high-density energy
storage systems for large-scale batteries and electric vehicles storage system. Thus, many sulfide-based solid electrolytes
because of their high energy density and power density. On the have ionic conductivities ranging from 107> to 107> S/cm.
other hand, lithium-ion batteries have critical problems Kanno et al. have presented a lithium superionic conductor
because of their use of flammable organic electrolytes. Because with an ionic conductivity of 1072 S/em (Li;oGeP,S 12),4'5

of uncertainties in safety problems in energy storage systems, A variety of cathode materials, including LiNi,Co,Mn,O,

the commercialization of lithium-ion batteries remains in (NCM), LiCoO, (LCO), LiNi,Co yAl 0, (NCA), and LiFe-
rd Z

doubt.' L
PO, h b d for ASSLB licat . Am th
All-solid-state lithium batteries (ASSLBs) are one of the + Tave been tsed Tor apprcations ong them,

most promising next-generation batteries as a potential game
changer since they can realize high-energy density with added
safety. In addition, much research has focused on oxide, sulfide,
and polymer-based solid electrolytes by applying ASSLBs. In
particular, sulfide-based solid electrolytes have the highest
conductivity of lithium ions. Because of their soft properties,
they are easily used as solid electrolytes. Usually, solid
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NCM and LCO have received much attention because of their
high theoretical capacity and compatibility against inorganic
solid electrolytes.”™ Unfortunately, high interfacial resistance
lowers the lithium ion conductivity compared to that of
organic electrolytes, thus degrading the capacity.'®~"* These
cathode interfaces have been coated with various oxides,
including LiNbOj;, LiAlO,, or Li,ZrO;, to protect the interface
or to relieve side reactions. Many studies have tried to impose
conditions that do not prevent the entry of lithium ions when
the buffer layer is formed. However, very few sulfide-coating
studies have taken account of the physical properties of sulfide-
based solid electrolytes.'*~"°

Sakuda et al. have studied cobalt sulfide-coated LiCoO, and
nickel sulfide-coated LiCoO, by using sol—gel method
followed by thermal decomposition technique and reported
higher initial specific capacity. Subsequently, however, no study
has reported a better cycle maintaining rate. No further sulfide
coating studies with the cathode surface in ASSLBs have been
conducted since the last few years.'” The CoS coating can
increase the electrochemical behavior of the cathode material
like a semiconductor (~0.5—1.5 eV). On the other hand, the
cathode electrode’s active material of cobalt is not expected to
play a role other than preventing direct contact with the
interface. Interestingly, bi-metal sulfides solve the above
problems because of their higher electrochemical process.
Usually, bi-metal sulfides have higher conductivity and are
richer in active sites for redox reactions. These advantages are
highly favorable for using the bi-metal sulfides as a cathode-
coating material. In addition, electronegative sulfur atoms
provide more space for lithium ion transport. Specifically,
nickel-cobalt sulfide exhibits high theoretical capacity, long
cycling stability, and strong redox reactions because of its
variable oxidation states. However, nickel cobalt sulfide
(NiCo,S,) is a stable supercapacitor material that does not
consume lithium ions as a side reaction but holds them
chemically. Thus, it has been used as a hybrid anode material.
These findings allow sufficient interaction with the active
material of the positive electrode to suppress the side reactions
and maximize the electrochemical specific capacity of the
electrode.

Therefore, we prepared bimetal sulfide (NiCo,S,) for use as
a coating agent and lithium-scavenger material. NiCo,S, was
synthesized at the nanoparticle (NP) scale. The Ni-rich
cathode was modified with this coating agent via a coating
process that minimized the side reaction between the solid
electrolyte and the cathode, thereby reducing the interfacial
resistance of ASSLBs. Usually, NiCo,S, NPs are selected for
use as the anode or supercapacitor with an available Li* ion
storage system.'”'” Fortunately, our research produced
satisfactory results, which will be useful for the continuous
application of ASSLBs through new coating agents. In this
work, we studied the coating effect of NiCo,S, coating at the
interface between the LiNi,¢Coy,Mn,,0, (NCM622) and
Li;P,S,I solid electrolyte.

2. EXPERIMENTAL SECTION

First, 0.39 g of Co(NO,)-6H,0 (Sigma-Aldrich, 98%), 0.193 g
of Co(NO;)-6H,0 (Sigma-Aldrich, 99%), and 0.605 g of
thiourea were dissolved in 40 mL of ethanolamine solvent
(Samchun Chem., 99%) with triple-distilled water and stirred
vigorously for 20 min to disperse every particle. Then, the
solution was transferred to a 70 mL Teflon-lined stainless steel
autoclave (ILSHIN AUTOCLAVE Inc., bolt closure pressure
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vessel) for solvothermal reaction at 200 °C for 14 h. After
synthesis, the resultant product was collected and washed with
distilled water and ethanol several times and dried at 60 °C
overnight in a vacuum oven to make NiCo,S, NPs.'%'"”

The synthesized NiCo,S, NPs and NCM622 (obtained
from a company in South Korea) cathode material were mixed
homogeneously (0.1 wt% of NiCo,S, by NCM weight and 10
g of NCM622 cathode) using a Thinky mixer, and the mixture
was transferred into a specially designed zirconia container (fill
up to 80%) and vibrated with a Resonant Acoustic Mixer
(LabRAM II, Resodyn Inc.) at the vibration energy until 60 G
for 20 min.”"** The NiCo,S, clusters were continuously
broken under shock or force to disperse NiCo,S, NPs that
homogeneously crashed into the surface of NCM622, which
was coated with NiCo,S, under conditions of 60 G with
gravity acceleration for 20 min. Before setting this vibration
energy and coating time, the parameters were optimized to
obtain a proper coating without any damage. Using the same
procedure, 0.3 and 0.5 wt% NiCo,S,-coated NCM622 samples
were prepared.

Powder X-ray diffraction (XRD) measurements were
conducted using XRD, Rigaku Ultima 4 with Cu Ka radiation
(4 =1.5418 A) and a voltage of 40 kV and a current of 30 mA,
and coupled with X’pert Highscore Plus software. NiCo,S,
NPs were first measured with 260 = 10—90° at a step size of
0.02°. In addition, the metal sulfide-coated NCM622 samples
were measured to determine whether the lattice of NCM622
was changed after the modification. The surface of NCM622
was measured using field-emission scanning electron micros-
copy (FE-SEM, JEOL, JSM-7610F) with energy dispersive X-
ray spectroscopy (EDS, Oxford Instruments/x-MaxN). Before
FE-SEM analysis, the carbon tape was attached to the copper
mount substrate and the sample was spread over the carbon
tape. Then, the sample was sputter coated with platinum for 30
s with an applied current of 30 mA to reduce the charging
effects during the FE-SEM analysis, which was carried out at an
operating voltage of 10 kV and a distance of 8 mm between the
lens and sample. During the EDS analysis, the aperture voltage
changed to 15 kV and the distance between the lens and
sample was 8 mm. Field-emission transmission electron
microscopy (FE-TEM, JEOL, JEM-2100F) with an accelerat-
ing potential of 200 kV was used to elucidate the surface of the
NiCo,S,-coated NCM622 cathode material, including the
coating thickness of the coating agent with the lattice
parameter of NCM622 or metal sulfide. To optimize the
results, the sample was dispersed on ethanol and sonicated.
Then, the solution was added dropwise over the 200-mesh
sized carbon-coated copper grid and dried. In addition,
selected area diffraction was also performed to measure the
lattice plane of the sample. The surface bonding structures of
NiCo,S,-coated NCM622 was studied by X-ray photoelectron
spectroscopy (XPS; ESCALAB250/VGScientific) with non-
monochromatic Al Ka X-ray radiation (hv = 1486.8 eV) as the
excitation source and a pass (resolution) energy of 50 eV for
wide scan (1 eV s™') and 20 eV for narrow scan (0.1 eV s™).
XPS analysis was performed over the binding energy range of
0—1400 eV with a step size of 1 eV s™". Prior to the analysis,
the sample was spread on a double-sided Cu sticky tape that
was attached horizontally to the holder and placed normal to
the electrostatic lens. XPS analysis was carried out at an
applied voltage of 15 kV and a current of 10 mA. The analysis
spot size of the powder sample was 500 ym, under large area
XL lens mode and using the CAE: Pass Energy 50.0 eV
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Figure 1. XRD patterns of (a) NiCo,S, NPs and (b) bare NCM622 and NiCo,S,-coated NCM622 cathode materials.

analyzer mode. During the XPS analysis, charge neutralization
was employed. The XPSPEAKS (V.4) software was used for
fitting with Shirley background subtraction. In order to obtain
the best fitting, Gaussian (Y %)—Lorentzian (X %) parameters
were adjusted to obtain the desired line shapes and line widths.

For lab-scale active materials for ASSLBs, we prepared the
cathode composite by mixing the NiCo,S,-coated NCM622
cathode, Li;P,S,I (1.28 X 107 S/cm) solid electrolyte, and
super-P at a ratio of 70:28:2.”°~>" This mixture was pressed at
300 bars, followed by mixing with mortar and pestle. The
above process was repeated three times to make homogeneous
composites. To prepare a solid electrolyte pellet, 0.2 g of the
Li,P,SgI was compressed at 300 bars for S min using a 16 mm
mold. Then, 0.0200 g of the cathode composite was spread and
compressed on one side of the solid electrolyte and a 50 um-
thick indium (In) foil (Nilaco) was attached to both sides and
used as the current collector and anode material (anode side).
Thin In foil is highly stable against sulfide-based solid
electrolytes, but In foil (element) has a plateau of 0.62 V (vs
Li/Lit).25~2

The ASSLBs of InlLi,P,SgIILiNij4Coy,Mny,0, were
assembled as a 2032 type coin-cell and subjected to
electrochemical impedance spectroscopy (EIS) analysis using
a SP-300 (BioLogic) analyzer at a frequency range of 1 MHz to
1 Hz to measure the internal resistance of the battery before
and after the charge—discharge experiment. Charge and
discharge cycle measurements were done within a voltage
window from 3.68 to 2.38 V (WonATech electrochemical
cycle system). The charge—discharge cycle performances were
studied up to 20 cycles at an applied current density of 15 mA/
g (0.1 C-rate) and at room temperature (25 °C). In addition,
the C-rate performances were studied from 0.05 C-rate (7.5
mA/g) to 2 C-rate (300 mA/g). The galvanostatic intermittent
titration technique (GITT) was used to analyze the Li* ion
diffusion characteristics after 20 cycles with a pulse current of
0.1 C (S #A/10 pA) intermittently for 10 min. The contact
area between the NCM material and sulfide-based solid
electrolyte particles was obtained by GITT measurements
using the following equation.””
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MgV
MgA

4
Dy = _(
T

2 AE, 2
AE,

D: ion-diffusion coefficient of NCM, AE.: transient voltage
change, A: contact area between the sulfide-based solid
electrolyte and cathode materials, 7: pulse duration (10
min), AEg: steady-state voltage change, Mg: molecular weight
of the NiyCo,Mny,0, (90.13 g/mol), M, ,: mass of the
host in the sample (varied depending on the mass loading
sample), and V,,: molar volume of the material (the value used
was for LiNi; ;Co;/sMn; ;30,, 20.29 cm®/mol).”

The chemical diffusion coefficient (D) value of NCM of 1.72
X 107" cm*/s was obtained from GITT references using an
NCM622/Li cell with an organic electrolyte.””

We prepared the interfacial area between the NCM622
cathode and the Li,P,S¢l electrolyte (0.3 wt NiCo,S,-coated
NCM622/Li,P,Sgl/super P composite) using focused ion
beam equipment (Quanta 3D FEG, FEI) for cutting micro-
sized samples. We analyzed the degree of TEM—electron
energy loss spectroscopy (EELS) precision (Titan 80-300)
with EELS (installed in the TEM). XPS (Thermo Scientific,
ESCALAB 250) measurements of the cathode composite after
20 cycles were additionally analyzed to study the side reactions
on the cathode composites/Li,P,S,l solid electrolyte interface.
Before this analysis, the electrode composite of ASSLBs (after
20 cycles) was separated from the cell and spacer. This
electrode material was sealed in vacuum and transferred to the
instrument. The top surface (~50 nm) was raked to gather the
cathode parts. The cross-sectional interface was prepared using
an FIB-TEM grid with vacuum transfer equipment. Then, we
carefully observed the interface area between the coated
cathode material and the solid electrolyte.’

3. RESULTS AND DISCUSSION

Figure 1a shows the powder XRD patterns of the NiCo,S, NPs
only with the reference pattern to confirm whether it was
synthesized or not. After synthesis of each single substance of
the metal sulfide, the XRD patterns of bare NCM622 and
NiCo,S,-coated NCM622 (0.1, 0.3, and 0.5 wt % by mass ratio
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Table 1. Lattice Parameters of Bare NCM622 and NiCo,S,-
Coated NCM622 Cathode Materials Coated with Different
Amounts of Coating Agents

calculated lattice parameter (A)

material A C ¢/a ratio
bare NCM622 2.870 14.25 4.965
0.1 wt % NiCo,S, @ NCM 2.872 14.23 4.955
0.3 wt % NiCo,S, @ NCM 2.869 14.24 4963
0.5 wt % NiCo,S, @ NCM 2.868 14.23 4.962

I 3\

N\

Figure 2. FE-SEM images of (a,)b) bare NCM622, (c,d) 0.1, (e,f) 0.3,
and (gh) 0.5 wt % NiCo,S,-coated NCM622 with different
magnifications.

of NCM622) were obtained, and the results are shown in
Figure 1b. As shown in Figure la, synthesized NiCo,S, NPs
exhibited a cubic structure (JCPDS 00-075-2157) with Fd3m
space group.'*"” As shown in Figure 1b, the XRD diffraction
patterns of the NCM622 composites match with the layered
hexagonal alpha-NaFeO, crystal structure (R3m space groups).
The lattice parameters of all samples were calculated usin§ the
X’Pert software, and the values are shown in Table 1.>%*" No
significant changes were observed in the surface-modified
NCM622. The diffraction peaks for NiCo,O, NPs were
seldom detected in all samples. This indicates that only a small
amount of NiCo,0, NPs may coat over the surface of
NCM622 cathode materials.

FE-SEM images (Figure 2a—h) show the NiCo,S,-coated
NCM samples. An EDS image of 0.3 wt% NiCo,S,-coated
NCM622 and pure NiCo,S, NPs with S, O, Ni, Co, and Mn
elements are shown in Figure 3a—c. The morphology of the
NiCo,S, NP cluster is shown in Figure 3a,b. The morphologies
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Figure 3. FE-SEM images of (ab) NiCo,S, NP at different
magnification, (c) selected area of 0.3 wt % NiCo,S,-coated with
O, S, Co, Ni, and Mn elements.

of the bare NCM622 and NiCo,S,-coated NCM622 cathode
materials are shown in Figure 2a—h. The surface of the bare
NCM was clear, while 0.1 and 0.3 wt% NiCo,S,-coated
NCM622 (Figure 2c—f) show uniformly distributed NiCo,S,
NPs, and 0.3 wt % NiCo,S,-coated NCM622 shows denser
NPs than 0.1 wt% NiCo,S,-coated NCM622, indicating that
the direct coating with the resonant acoustic technique was
successful. Further increasing the NP concentration to 0.5 wt%
(Figure 2gh) produced a thicker and denser coating. This
nickel cobalt sulfide NP modification may have decreased the
interfacial resistance, although it may also have obstructed the
lithium ion transfer pathway. Therefore, reducing the nano-
material size to approximately 10 nm may further improve the
surface-modified NPs and their physical or electrochemical
qualities.

Figure 4a,b shows the FE-TEM images of NiCo,S, NPs with
a d-space length of NiCo,S,. The size of NiCo,S, ranged from
10 to SO nm. The NiCo,S, NPs have cubic (311) and (111)
planes with lattice lengths of 0.279 and 0.538 nm,
respectively.'”'® Figure 4c,d displays the FE-TEM images of
NiCo,S,-coated NCM622 with d-space length. The size of
NiCo,S, NPs was measured as ranging from 10 to S0 nm. The
NiCo,S, NPs of 0.3 wt% NiCo,S,-coated NCM622 showed
only a single lattice of cubic crystalline of (311) plane with a
lattice length of 0.279 nm with a NiCo,S, thickness of less than
40 nm.

XPS examination of 0.3 wt % NiCo,S,-coated NCM622 was
conducted to analyze the chemical binding energy of the
NCM622 cathode material modified with metal sulfide. All the

https://dx.doi.org/10.1021/acsomega.0c05942
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Figure 4. FE-TEM images of (a) NP of NiCo,S,, (b) lattice length of NiCo,S,, and (c,d) 0.3 wt% NiCo,S,-coated NCM622.

XPS spectra are shown in Figure S. The survey scan from 0 to
1300 eV is shown in Figure Sa. The XPS spectrum of NiCo,S,-
coated NCM622 revealed peaks for Ni 2p;,, (entirely 855.5
from +3 charge and 854.5 €V from +2 charge) and Ni 2p,,,
(873.2 eV), with the addition of two satellite peaks at 861.2
and 879.5 eV (Figure 5b).”>”" The Ni 2p;, scan showed the
oxidation state of Ni** (854.5 eV) and Ni** (855.5 €V). The
satellite peaks from Ni 2p;, and Ni 2p;,, were detected
strongly at 861.1 and 879.4 eV, respectively, which were
attributed to the NCM622 cathode. On the other hand, a peak
for Ni 2p;,, of Ni—S was weakly detected because of the
NiCo,S, NP modification.

As shown in Figure Sc, the peaks at 780.5 and 764.2 eV
correspond to Co 2p;, and Co 2p,,,, respectively. A weak
satellite peak was detected at 787.0 eV with the oxidation state
of 3" charge. Another Co 2p;,, peak of Co—S is shown at
783.8, indicating that NiCo,S, NPs could be detected easily, as
reported previously.'”'® Figure 5d shows S 2p peaks of
NiCo,S,-coated NCM622. Two S 2p peaks of 0.3 wt%
NiCo,S,-coated NCM622 were detected at 162.0 and 168.7
eV because the bimetal sulfide has more complicated metal-S
peaks, while the Ni—S peak has a weaker binding energy than
Co—S. As a result, we were able to chemically prove that
NCM622 coated with NiCo,S, NPs had a different chemical
binding energy than that of the single metal sulfide.

Figure 6a,b shows the galvanostatic initial charge—discharge
behaviors of the InlLi,P,SgIILiNiy4Coy,Mn,,0, ASSLB
system using bare NCM622, and 0.1, 0.3, and 0.5 wt%
NiCo,S,-coated NCM622 cathode materials at the current
densities of 15 mA/g (0.1 C-rate) and 7.5 mA/g (0.05 C-rate).
The charge—discharge analysis was performed between the
potentials of 3.68 and 2.38 V at room temperature (25 °C).
The calculated discharge capacities of all cathode materials are
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listed in Table 2. The first discharge capacity of bare NCM622
was 86.0 mA h/g at 15 mA/g and 121.82 mA h/gat 7.5 mA/g.
The calculated specific capacities of 0.1, 0.3, and 0.5 wt%
NiCo,S,-coated NCM622 were 115.9, 118.0, and 84.7 mA h/
g, respectively, at a current density of 15 mA/g. This trend of
increasing discharge capacity revealed that the interfacial
resistance or contact loss was relieved by coating with 0.1 and
0.3 wt% NiCo,S, NPs. However, 0.5 wt % NiCo,S,-coated
NCM622 had a specific capacity of only 84.5 mA h/g, which is
lower than bare NCMG622, indicating that NiCo,S, NPs
coating at high concentration does not provide a satisfactory
coating effect because an excessive number of NiCo,S, NPs fail
to attach to the cathode and instead form as separate NPs. The
NCM622 cathode coated with NiCo,S, NPs exhibited a
discharge capacity value of 121.82 mA/g at low current density
of 7.5 mA/g. As shown in Figure 6b, the specific capacities of
0.1, 0.3, and 0.5 wt% NiCo,S,-coated NCM622 samples were
125.97, 128.7, and 98.9 mA h/g, respectively, at a current
density of 7.5 mA/g. This indicates that the NiCo,S, NPs can
catch or retain the lithium ion without consuming any inert
material or scavenger generated by the side reaction which
maintained the high capacity.

After the initial charge—discharge analysis, we studied the
cycle performances with c-rate performances. Figure 7a shows
the charge—discharge cycle performances of the bare NCM622
and NiCo,S,-coated NCM622 cathode composites at a current
density of 15 mA/g for 20 cycles, and the results are shown in
Figure 7b. Of the cells using the NiCo,S,-coated NCM622
cathode materials, 0.1 and 0.3 wt% NiCo,S,-coated NCM622
had higher initial capacities (115.9 and 118.0 mA h/g,
respectively) than that of 0.5 wt% NiCo,S,-coated NCM622.
On the other hand, the cycle stability performance of 0.1 wt%
NiCo,S,-coated NCM622 was worse than that of 0.5 wt%
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NiCo,S,-coated NCM622. The calculated specific capacity
retention of the 0.1 and 0.3 wt% NiCo,S,-coated NCM622
cathode composites was 44.6 and 60.6%, respectively.
However, the capacity retention rates were much higher
than those of the other compositions. Among all the samples,
the highest capacity retention rate was 76.6%. Figure 7c shows
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the calculated discharge capacities according to the C-rate
performance at the applied current densities of 7.5, 15, 30, 90,
150, and 300 mA/g. At the current density of 7.5 mA/g, the
initial capacities of all the ASSLBs ranged from 90 to 130 mA
h/g, which is consistent with the results shown in Figure 6a,b.
However, as the current density increased, the specific
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Table 2. Specific Capacity Data of All-Solid-State Inl
Li,P,SIILiNi, sCo,,Mn,,0, Cells Using Bare NCM622 or
NiCo,S,-Coated NCM622 Cathode Materials

calculated specific capacity (mA h/g)

cycle performances C-rate performance

Ist cycle last cycle 1st c-rate last c-rate
material (1smA/g) (1SmA/g) (7.5mA/g) (7.5 mA/g)
bare NCM 86.0 41.3 121.82 732
0.1 wt % 115.9 S1.3 125.97 90.6
NiCo,S; @ NCM
0.3 wt % 118.0 71.5 128.7 122.4
NiCo,S; @ NCM
0.5 wt % 84.7 68.9 98.9 75.8

NiCo,S, @ NCM

capacities of the ASSLBs drastically decreased. Especially, the
specific capacity of bare NCM622 greatly decreased at a
current density of 30 mA/g down to 5080 mA h/g. This
suggests that the internal resistance of the fabricated ASSLBs
device was much higher than that of the available conventional
lithium-ion batteries.

In addition, at high current densities (150 and 300 mA/g),
the specific capacities of all the samples were nearly zero,
which indicates that the current density of 150 or 300 mA/g

exhibits poor performance at room temperature. Meanwhile,
the 0.3 wt% NiCo,S,-coated NCM622 cell maintained good
rate characteristics, with a specific capacity of 122.4 mA h/g
after high rate performances of 2 C-rate. In addition, all
ASSLBs using the NiCo,S,-coated cathodes demonstrated a
higher specific capacity than that of the bare NCM622
material. Generally, the side reactions at the cathode-sulfide-
based electrolyte interface increased the interfacial resistance of
ASSLBs by forming an undesirable interface layer. This
interfacial resistance reduced the capacity and inferior rate
performance of the ASSLBs. Thus, the NiCo,S,-coated
NCM622 cathode exhibited a higher specific capacity and
improved rate performance because of the minimal side
reactions at the cathode—solid electrolyte interface. These
results demonstrate the success of the proposed resonant
acoustic coating of NiCo,S, NPs on NCM 622.

After 20 cycles, the transient discharge potential profiles
from the GITT experiments were elucidated to determine
whether the surface area decreased, and the results are
presented in Figure 8. For this measurement, all cells of
NiCo,S,-coated NCM622 were chosen. The corresponding
closed-circuit voltage and quasi-open-circuit voltage graphs are
shown in Figure 8a,b.”” The 0.1, 0.3, and 0.5 wt% NiCo,S,-
coated NCM622 electrodes exhibited the highest surface
coverage (33.2, 35.0, and 25.2%, respectively), whereas the
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NiCo,S,-coated NCM622 composite after 20 cycles to determine the resistance differences between the sulfide-based electrolyte and the cathode

material.

bare NCM622 electrode showed a contact (cathode-electro-
lyte) interface of 26.6%.

We tried to determine the impedance behavior of ASSLBs
before (Figure 9a) and after 20 cycles (Figure 9b) using EIS
between the frequency range of 1 MHz to 0.01 Hz using an
SP-300 analyzer at room temperature. The obtained Nyquist
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spectra were fitted with the equivalent circuit and are shown in
Figure 9¢,d.**~** Figure 9c shows the Nyquist plot of the coin
cell using the bare NCM622 cathode materials, and Figure 9d
shows that when using 0.1, 0.3, and 0.5 wt % NiCo,S,-coated
NCM622 in the LiyInlLi,P,S,IILiNi, 4Cop,Mng,0, ASSLB
system with fitting simulation. We assumed that our cells have
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Table 3. Impedance Fitting Data of All-Solid-State Inl
Li,P,SgIILiNi, ¢Coy,Mn,,0, Cells with Bare NCM622 and
NiCo,S,-Coated NCM622 Cathode Composite”

resistances () equivalent circuit: (RQ)

(RQ) (RQ) (RQ)
materials R1 R2 R3 R4
bare NCM 106.8 1.845 1245 46.46
0.1 wt % NiCo,S, @ NCM 71.06 37.59 721 51.76
0.3 wt % NiCo,S, @ NCM 76.69 34.63 510.1 43.57
0.5 wt % NiCo,S, @ NCM  176.9 365.5 1678 487

“R1: bulk original resistance of the Li,P,Sql solid electrolyte, R2: grain
boundary resistance, including NiCo,S, NP, R3: contact loss
resistance of the cathode composite, and R4: contact loss resistance
of the In foil anode.

four major interfaces, such as the anode, solid electrolyte, and
cathode material. The simulated values of bare NCM622 and
NiCo,S,-coated NCM are listed in Table 3.

The NiCo,S, NPs and NCM622 cathode materials in
ASSLBs have four different resistance components. The
resistance values of bare NCM622 from R1 to R4 were

106.8, 1.845, 1245, and 46.46 Q and those of 0.1 wt%
NiCo,S,-coated NCM622 were 71.06, 37.59, 721, and 51.76 Q
and those of 0.3 wt% NiCo,S,-coated NCM cathode battery
assembly (Figure 9d) were 76.69, 34.63, 510.1, and 43.57 Q,
respectively. R1 and R4 were similar to that of bare NCM622.
R3 of 0.1 wt% NiCo,S,-coated NCM622 was slightly larger
than that of 0.3 wt% NiCo,S,-coated NCM622 but smaller
than that of bare NCM622. All the values of 0.3 wt% NiCo,S,-
coated NCM622 were remarkably relieved, suggesting that it
was the best composition. The 0.5 wt% NiCo,S,-coated
NCM622 (Figure 9d) exhibited resistance fitting values for R1
to R4 of 176.9, 365.5, 1678, and 48.7 Q, respectively. The R3
resistance showed that almost all samples exhibited poor
interfacial resistance by contact loss except for the 0.5 wt%
NiCo,S,-coated NCM622 battery assembly.

We identified the metal sulfide effects between the cathode
and the solid electrolyte more clearly for precision research of
the interfacial chemistry specified by XPS and TEM—EELS
analysis to observe the inside of ASSLBs. After charge and
discharge cycling (20 cycles), the side reactions and qualitative
analysis of the interface were identified by XPS, and the
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Figure 10. XPS graphs of (a) survey scan and S 2p peaks analysis of (b) bare NCM622 and (c) 0.3 wt % NiCo,S,-coated NCM622 composite after

20 cycles.
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Figure 11. TEM images of (a) bare NCM622 and (b) 0.3 wt% NiCo,S,-coated NCM622 composite between NCM622 and Li,P,S,l solid
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electrolyte. Depth profiles of (e) bare NCM622 and (f) 0.3 wt% NiCo,S,-coated NCM 622 composites between NCM622 and Li,P,S;l solid

electrolyte by EELS.

interface was visually analyzed by TEM-EELS. Figure 10
presents the XPS examination spectra of bare NCM and 0.3 wt
% NiCo,S,-coated NCM622, and their examination scan
spectra are shown in Figure 10a. As shown in Figure 10b, two
characteristic peaks of S 2p spectrum were observed at 161.2
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eV (S 2p, ;) and 161.7 eV (S 2p;,) with the addition of —O—
S— oxidation peaks of 162.1 and 162.8 eV on the bare
NCM622/solid electrolyte interface. The peaks marked in pink
indicate the oxidized sulfur. This peak shift suggests that a
small amount of sulfur atoms from the coating materials and
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solid electrolytes propagate to NCM 622 and may react with
the oxygen atoms. The S 2p peaks of the bare NCM622/solid
electrolyte composite were relatively smaller than those of the
coated composites.” NCM622 coated with 0.3 wt% NiCo,S,
showed strong S 2p (162.1, 163.0 €V, respectively) and —O—
S— S 2p (163.0, 164.1 eV, respectively) peaks, possibly because
of the minimal side reactions induced by the bimetal sulfide
coating to satisfy the maximum compatibility of the sulfide-
based solid electrolyte, as shown in Figure 10c.

Based on the XPS results, bare NCM622 and 0.3 wt%
NiCo,S,-coated NCM622 were selected for TEM—EELS
analysis to visualize the electrode—electrolyte interface.
Overall, side reactions of S 2p can create higher binding
energies by interacting with or forming side reactions with O
Is. This means that the solid electrolyte reaches a more stable
state than in the previous stages, which reduces its ability in a
battery, whereas NiCo,S,-coated NCM622 active materials are
covered with NiCo,S, NPs that have inert properties.

TEM imaging (Figure 1lab) and EELS (line-mapping,
Figure 11c,d) were performed to examine the cross-sectional
area of the cathode composite/electrolyte interface of the bare
NCM622 and 0.3 wt% NiCo,S,-coated NCM622 composite
electrode-based ASSLBs after 20 cycles. This enables visual
observation of the interface and interface analysis. Figure 11e,{f
shows the depth intensity profiles of both the images along the
direction indicated by the line-mapping line of the annular
dark field images (ADF-TEM). For the TEM-EELS analysis,
ion beam instrument coupled with TEM was used to cut the
sample from the cathode-electrolyte interface and to perform
the morphology analysis. All the processes were performed in
vacuum to avoid moisture. In addition, the EELS spectroscopic
analysis was performed at the 0.3 wt% NiCo,S,-coated
NCM622-sulfide-based Li;P,Sgl electrolyte interface. The
cross-sectional line mapping of bare NCM622 is shown in
Figure 11c. Almost no lithium, and very little P and S element
was detected at the interface or the solid electrolyte regions;
also no P or S element was observed at the cathode part,
indicating that no layer has damaged the entire NCM622
interface with significant side reaction. O element was also
detected in the solid electrolyte in the ASSLBs of bare
NCM622. The overall capacity at the interface decreased
because of the lack of protection of these cathodes. The cross-
sectional line mapping of bare 0.3 wt% NiCo,S,-coated
NCM622 is shown in Figure 11d, and the complete absence
of any S or P is possible evidence for the lack of side reactions
at the cathode/electrolyte interface.

Figure 11e is a graph showing the depth intensity according
to the distance of bare NCM622. From Figure 1le, we can
determine the profile of the interface between NCM622 and
electrolyte. A deep valley was formed at the interface of bare
NCM622, and as the cathode site approached the electrolyte,
cliffs with radical slope were formed and traces remained. This
suggests that the electrolyte layer was decomposed because of
direct contact and continuous side reactions, and demonstrates
the need for a well-protected interface. On the other hand, as
shown in Figure 11f, the NiCo,S,-coated NCM622 composite
showed a protected depth image, where its surface was
protected by NiCo,S, NPs and no valley was formed. The
NCM622 cathode material did not exhibit any slope adjacent
to the interface, which allowed us to confirm that the chemistry
at the cathode interface plays a critical role in capacity
maintenance.
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Commonly, cathode composites sampled by gallium ions are
more damaged on the electrolyte side than on the cathode,
resulting in a deeper form which is much more damaged by the
ion beam because the solid electrolyte is not a harder crystallite
than the cathode. Therefore, the 0.3 wt% NiCo,S,-coated
NCM622 composite electrode exhibited reduced side reactions
during the charge—discharge cycle, as further confirmed by the
XPS analysis, as shown in Figure 10. This resulted in a
relatively highly protected interface by applying the sulfide-
based coating concept, compared to that of the composite
electrode using bare NCM622.

4. CONCLUSIONS

NiCo,S, NPs were introduced as a coating agent because of
their stability and excellent protective effect as a coating
material. NCM622 with a coating of NiCo,S, NPs exhibited
increased battery capacity compared to that of bare NCM622.
Composite electrodes of the ASSLBs using 0.3 wt% NiCo,S,-
coated NCM622 showed a high specific capacity with a high
capacity retention of up to 60.6 and a high contact area of
35.0%, compared to that using bare NCM622. XPS analysis
confirmed the reduced side reaction between the NCM622
cathode and the electrolyte. However, NiCo,S,-coated
NCM622 showed highly intense S 2p;/, and S 2p,/, peaks,
which suggested a lower side reaction or interaction as a
lithium jon scavenger compared to bare NCM622. TEM—
EELS analysis confirmed the successful coating of the NiCo,S,
NPs and the reduced movement of P and S elements into the
cathode composite region during cycling by blocking/reducing
the side reaction or interaction through direct contact. These
results indicate that NiCo,S, coating using the thermal
decomposition with the resonant acoustic coating technique
can minimize the side reaction between the cathode and
sulfide-based solid electrolyte, thus improving the capacity of
ASSLBs. Thus, we concluded that the NiCo,S, NPs coating
provided improved specific capacity and reduced interfacial
resistance than bare NCM622.
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