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Cathode composites were fabricated using the nuclear growth
(SEED) method, where Li,S seeds on the active materials grow to
solid electrolyte precursors in the corresponding Li,S-P,Ss-Lil
solution. Compared to mortar mixing, the SEED method
demonstrated higher cycle stability, with a 90LiNi;/3Mn;;3C04/30,-
10Li;P,Sgl (Li;S:P,Ss:Lil = 3:1:1 (wt%)) composite retaining 99.7%
discharge capacity after six cycles compared to 66.1% with mortar
mixing. Cross-sectional scanning electron microscope-energy
dispersive X-ray spectroscopy images suggest that the solid
electrolyte was more uniformly distributed in the cathode
composite prepared using the SEED method. This study opens up
the potential for higher cathode-active material loading ratios and
ASSBs with higher energy densities.

All-solid-state batteries (ASSBs), wherein the organic electrolyte
used in lithium-ion batteries is replaced with a flame-retardant
ceramic solid electrolyte, have garnered significant attention in
recent years. Their operating principle is similar to that of
conventional lithium-ion batteries, except that Li ions are
transferred between solid-state active materials. Some notable
advantages of ASSBs include the absence of flammable organic
electrolytes and no risks of leakage or ignition. Additionally, the
simplicity of the equipment and ease of lamination contribute
to their high energy density and output power.[*"2l A previous
study demonstrated that all-solid-state batteries offer higher
energy density and power output compared to currently used
organic liquid batteries and supercapacitors.t However, ASSBs
exhibit the tendency of cracking and performance degradation
owing to the stress of repeated charge—discharge cycles and the
high grain boundary resistance between solid particles.

Sulphide and oxide electrolytes are the current front-runners
for practical solid electrolytes. Sulphide-type electrolytes, such
as Li;oGeP,S1,, show high ionic conductivity (102 S cm) and
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sufficient plasticity, which allow interface formation under
pressure at room temperature.3! However, they react with
atmospheric moisture to produce H,S gas, which is hazardous
to humans.!¥! Sulphide materials are divided into glasses (e.g.,
70Li,S-30P-Ss),%! glass ceramics (e.g., Li;P.Sgl and Li;P3S1,),67
and crystals (e.g., Li;oGeP,S;, and LigPSsCl).[%- 3.8 |n addition, the
interface between an oxide cathode material (e.g., LiCoO,) and
a sulphide solid electrolyte features an electrochemical
potential difference, which changes the Li-ion concentration.[®]
Introducing LiNbO;3 as a buffer layer at the oxide cathode and
sulphide solid electrolyte interface can address this issue.l19 |n
contrast, oxide-type electrolytes possess candidate materials
such as the garnet-type LiyLasZr,01, structure, which exhibits
stability in the atmosphere and an ionic conductivity of
approximately 103 S cm-1; however, they require high sintering
temperatures and present physical contact challenges.[11]

The electrode layer of an ASSB comprises electrode-active
materials that store only Li ions. However, active electrode
materials possess low electronic and ionic conductivities; thus,
they face interface formation issues. Therefore, the electrode
layer is generally composed of a solid electrolyte, which
facilitates ion transport in the electrode layer, and a conductive
aid, which ensures electron transport. To fabricate high-
performance ASSBs, a composite structure that forms a solid
interface within the electrode composite and provides effective
electron and ion conduction pathways must be designed.[12 A
solid electrolyte coating on an electrode-active material has
been suggested to construct uniform ionic conduction
pathways. This coating method prevents particle agglomeration
within the electrode layer and enables the formation of ionic
amount of solid
electrolyte. In addition, the previous reports show that the
formation of an ionic conductor at the surface of the cathode

conduction pathways with a minimal

material improves overall battery performance [13-15] The
coating methods may be broadly classified into vapour-, liquid-
, and solid-phase methods. Pulsed laser deposition (PLD) is a
vapour-phase method!®! that can be used to create uniform
electrolyte films, provide high-precision film controllability, and
be integrated into various interfacial configurations. However,
it requires high-cost equipment and is unsuitable for mass
production. For solid-phase methods, dry coating methods such
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as mechano-fusion have been suggested.['7-18 However, similar
to vapour-phase methods, they do not cater to industrial
applications due to their high energy requirements and
incompatibility with mass production. In the liquid-phase
method, solid electrolytes synthesised using the solid-phase
method are initially dissolved in an organic solvent and then
coated onto the active material upon solvent removal.[**] Due
to its scalability, the liquid-phase method features the highest
practical feasibility for use as a coating technique.

In this study, cathode composites were fabricated using a
nuclear growth (SEED) method developed in our laboratory.[20-
22 |n the SEED method, Li,S are initially formed as seeds on the
active materials, and then the solid electrolyte precursors are
precipitated and grown from the nuclear seeds in the
corresponding Li,S-P,Ss-Lil solution. Then, the Li;P,Sgl solid
electrolyte is coated homogeniously.2922l Compared with
conventional methods such as mortar mixing, the SEED method,
a liquid-phase coating technique, produces cathode composites
with uniform ionic conduction pathways using a low solid
electrolyte mass (10 wt%) for ASSBs. The SEED method in this
study, which is an improved version, features the sonication
step to enhance homogeneity, which has not been employed in
previous studies.[20-21] |n addition, to the best of the authors’
knowledge, the electrochemical and microstructural analysis of
cathode composites was conducted for the first time. These
analyses indicated that the SEED method yields a unique
microstructure and results in the formation of a percolation
network within the cathode composite even at a low solid
electrolyte ratio of 10 wt%. Fig. 1 presents the XRD patterns of
90LiNi;3Mn;/3C01/30,-10Li;P,Sgl  prepared using the SEED
method, 100Li;P,Sgl without the cathode-active material
(SEED), and 100Li,P,Sgl prepared using liquid-phase shaking and
used for hand-mixing (LS). The only peaks belonging to
LiNi;;3sMny/3C01,30,(ICSD  #184452) were observed for the
90LiNi;/3Mn;,3C04/30,-10Li;P,Sgl cathode composite. This may
be attributed to the small ratio (10 wt%) of Li;P,Sgl in the
cathode composite and the low peak intensity of Li;P,Sgl
because Li;P,Sgl is a glass ceramic.

In contrast, Li;P,Sgl synthesised using the SEED method
exhibited only the pattern of the Li;PS,l phase, which possessed
a lower ionic conductivity of 1.0 x 10* S cm™.[23] The crystal
structure of Li;P,Sgl synthesised by the LS method is a
composite of LizPSyl, Lil, Li,S and LGPS-type phases(LiyoP3S1,l),
which exhibits a high ionic conductivity of 9.0 x 103 S cm™1,[231.[24]
The SEED method reduced the residual Lil in the starting
materials compared with the LS method; however, a highly ionic
LGPS conducting phase(LiyoP3S1,1) was not detected.

The Nyquist plots of Li;P,Sgl synthesised using the LS and SEED
methods at room temperature are shown in Fig. S4. The ionic
conductivities of Li;P,Sgl synthesised by the LS and SEED
methods were 4.8 x 104 S cm? and 1.8 x 10° S cm?,
respectively. The Li;P,Sgl synthesised SEED method mainly
shows the Li4PS4l phase and a highly ionic LGPS conducting
phase was not detected, which was observed in the Li;P,Ssgl
synthesised using the LS method. Thus, the difference in the
crystalline phases results in a decrease in the ionic conductivity
by approximately one order of magnitude. The difference in the
crystal phases was determined through XRD pattern analyses.
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The LS sample shows the Li4PS4l phase and Lil, whose ionic
conductivity is lower than that of the Li;oP3S;,1 phase with an
LGPS-type structure, and thus, the difference between the ionic
conductivities of the samples synthesised by LS and SEED
methods can be observed.
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Fig. 1. X-ray diffraction (XRD) patterns of the 90NMC-10Li,P,Sgl prepared by the SEED
method; 100Li,P,Sgl, without cathode active material (SEED); and 100Li,P,Ssl, used for
hand mixing (LS).

Figs. 2a and 2b show the results of the DC polarisation tests of
the cathode composites prepared using the hand-mixing and
SEED methods, respectively. The electronic conductivities of the
cathode composites were calculated based on these results.
The electronic conductivities of the composites synthesised by
hand-mixing and the SEED methods were 9.4 x 10 and 1.9 x
10 S cm, respectively. The hand-mixing method vyielded a
slightly greater electronic conductivity, suggesting that coating
the active material using the SEED method diminished the
active material’s contribution to electronic conductivity. Figs. 2c
and 2d show the Nyquist plots of the cathode composites
prepared by hand-mixing and the SEED method. The ionic
conductivities calculated from the Nyquist plots were 5.1 x 10~
and 3.7 x 10> S cm™ for the hand-mixing and the SEED methods,
respectively, which were similar. Surprisingly, there was a slight
difference in ionic conductivity between the two synthesis
methods, despite the lower ionic conductivity of Li;P,Ssgl
synthesised using the SEED method. We conducted the SEM
analysis to determine the reason for the slight difference in
ionic conductivity between the two synthesis methods, despite
the Li;P,Sgl synthesised by the SEED method showing a lower
ionic conductivity in the next section.

Fig. S3 shows the SEM images of the LiNi;;3sMn;;3C04/30, and
90LiNi;3Mn;/3C04/30,-10Li;P,Sgl cathode composites prepared
using hand-mixing and the SEED method. The NMC comprised
spheres with diameters of approximately 3 um. The hand-mixed
sample exhbited Li;P,Sgl particles that were isolated from the
LiNi;;3sMn;/3C04/30, particles; the isolated particles did not
contribute to the ionic conduction pathway and reduced energy
density. However, a uniform coating was observed on the

This journal is © The Royal Society of Chemistry 20xx
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surface of LiNi;;sMn;/3Co1/30; created using the SEED method,
indicating the potential for a consistent ionic conduction
pathway between the active material and the solid electrolyte
within the cathode composite. Fig. S4 shows the SEM-EDX
images of the 90LiNi;;3Mn;/3C01/30,-10Li;P,Sgl  cathode
composite prepared by the SEED method. The EDX mapping
image shows that S and P, derived from the Li;P,Sgl solid
electrolyte, are detected on the LiNi;;3sMny/3C04/50, particles.
This result indicated that the Li;P,Sgl solid electrolyte was
formed at the surface of the LiNi;;3sMn;/3C04,30, particle. In
addition, the thickness of the Li;P,Sgl solid electrolyte coated on
the LiNiy3sMny3C04/30, particle was calculated. If the
LiNiy;3Mn4/3C04/30, particle is approximated as a 3-um sphere,
its surface area is 28.3 um. Hence, the thickness of the Li;P,Sgl
can be approximately 100 nm for the 90LiNi;;3Mn;/3C04/30,-
10Li;P,Sgl (Wt%)(=82:18 vol%) cathode composite.
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Fig. 2. DC polarisation test results for 90LiNi;;3Mny/3C04/30,-10Li;P,Sgl cathode composite
prepared by (a) (b) SEED method; Nyquist plots of
Lis sPS4 5Cl1 5/90LiNi;;3Mny/3C04/30,-10Li;P,Sgl cathode composite prepared by (c) Hand-
mixing (d) SEED method.

hand-mixing

Fig. 3 illustrates the cross-sectional SEM-EDX mapping of the
cathode composites prepared using hand-mixing and the SEED
methods. The phosphorus (P) and sulphur (S) derived from the
solid electrolyte clustered in the composite prepared by hand-
mixing. This agglomeration may result in the loss of the ionic
conduction pathway and a decrease in energy density owing to
the non-uniform distribution between the active material and
the solid electrolyte. In contrast, in the SEED cathode
composite, phosphorus (P) and sulphur (S) are uniformly
distributed. This uniform distribution of the solid electrolyte
may be attributed to the coating of the active material in the
precursor solution. As observed in the cross-sectional SEM
images, the solid electrolyte was uniformly coated on the
composite using the SEED method. By integrating this method,
a percolation network is estimated to form within the cathode
composite, even at a low solid electrolyte ratio of 10 wt%. These
results explain the slight difference in ionic conductivity

This journal is © The Royal Society of Chemistry 20xx

between the two synthesis methods, despite the lower ionic
conductivity of Li;P,Sgl synthesised by the SEED method. In
addition, the SEED method in this study featured better
homogeneity owing to the application of sonication.[21]

(a) Hand mixing (b) SEED

Fig. 3. Cross-sectional scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX) images of 90LiNi;;3Mn;/3C01/30,-10Li;P,Ssl (Wt%) prepared by
(a) hand-mixing and (b) SEED method.

Fig. 4 illustrates the charge—discharge curves of the cathode
composites prepared using the hand-mixing and SEED methods.
The initial discharge capacity for the cathode composite
prepared using the SEED method was 103 mAh g1, which was
slightly lower than that of the composite prepared using hand-
mixing (110 mAh g?). This is due to the lower ionic and
electronic conductivity of the cathode composite synthesized
by the SEED method (Fig.2). However, it retained 99.7% of its
discharge capacity after six cycles. In the cathode composite
prepared using the SEED method, irreversible capacity was only
observed in the first cycle. In contrast, with the hand-mixing
method, irreversible capacity was consistently observed
throughout cycling. These results indicated that the uniform
synthesis of the solid electrolyte within the composite by the
SEED method, particularly the direct coating on the surface of
the active material, is believed to enable the solid electrolyte to
accommodate the changes in the volume of the cathode active
material during Li-ion (de-)intercalation. This relaxation of
volume expansion and shrinkage prevents the formation of
voids and cracks, inhibiting the separation of cathode-active
material particles. In the cathode composite prepared via the
hand-mixing method, cycling-induced volume changes lead to
the formation of voids and cracks, gradually compromising the
ionic conduction pathway. This phenomenon is closely
associated with the observed irreversible capacity. In addition,
the ASSB in this study showed a higher discharge capacity than
that in the previous study.l?!] This result indicates that the
homogeneity of solid electrolytes was improved in this study,
and the Li-ion from more cathode-active materials could be
extracted.

Despite the relatively small volume change of
LiNi1/3Mny/3C04/30, due to Li-ion (de-)intercalation
(approximately 1%), it is in significant contrast with other active
materials.[25] The advantages of the SEED method can be further
enhanced by applying it to active materials that experience
considerable volume change during operation, such as graphite
and silicon. Thus, the composites fabricated using the SEED
method showed promising results; however, the conductivity of
the solid electrolyte in the SEED method under the present
conditions was still low. Therefore, enhancing the conductivity
is essential for achieving high-power characteristics in the
future. Specifically, the solid electrolyte composition could be
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improved and diversified, for example, Li;oP3S1,1 and Li;gP3S1,Br,
which can be synthesized with heat treatment at lower
temperatures.

(a) it 1st
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Fig. 4. Charge—discharge curves of the all-solid-state Li-ion battery using
90LiNi;;3Mny/3C04/30,-10Li;P,Ssl prepared by (a) hand-mixing and (b) SEED method at 30
°C under cutoff voltage (2.0 to 3.6) V vs. Li-In.

In this study, cathode composites, which are expected to be
useful in practical ASSBs, were prepared using the SEED method
for coating sulphide solid electrolytes. This study aimed to
establish uniform electron and ion conduction pathways within
a cathode composite. To this end, a 90LiNi;;3Mn;/3C01/30,-10
Li;P,Sgl (Wwt%) cathode composite, which possesses a lower solid
electrolyte ratio than the conventional ratio (for example,
70LiNi;;3sMnq/3C01/30,-30 Li;P,Sgl(wt%)), was fabricated using
the SEED method as the improved version. The cross-sectional
SEM-EDX images revealed that Li;P,Sgl was formed on the
surface of LiNi;;3Mn;/3C0,/30, within the cathode composite for
the first time. The charge—discharge curves showed the stable
cycle performance of the cathode composite, despite the high
ratio of active material. This stability may be attributed to the
uniform coating due to the higher homogeneity of solid
electrolytes in this study, which can absorb the volume change
of the active materials and prevent the loss of ionic conduction
pathways. While the cathode composites fabricated using the
SEED method, as the improved version, showed similar ionic
conductivity to that fabricated through hand-mixing, the
conductivity of the solid electrolyte in the SEED method was still
low under the present conditions. Therefore, enhancing
conductivity is essential for achieving high-power
characteristics in future work. This work was supported by JSPS
KAKENHI (Grant Numbers JP 21K14716 and 22H04614); the
GteX Program (JPMJGX23S5) of the Japan Science and
Technology Agency (JST), Japan; and the Mazda Foundation.
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