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Abstract: All-solid-state batteries (ASSBs) are a promising response to the need for safety and high
energy density of large-scale energy storage systems in challenging applications such as electric
vehicles and grid integration. ASSBs based on sulfide solid electrolytes (SEs) have attracted much
attention because of their high ionic conductivity and wide electrochemical windows of the sulfide
SEs. Here, we study the electrochemical performance of ASSBs using composite electrodes pre-
pared via two processes (simple mixture and solution processes) and varying the ionic conductor
additive (80LipS-20P,Ss5 and argyrodite-type LigPS5Cl). The composite electrodes consist of lithium-
silicate-coated LiNij ;3Mn; /3Co1 /30, (NMC), a sulfide SE, and carbon additives. The charge-transfer
resistance at the interface of the solid electrolyte and NMC is the main parameter related to the ASSB’s
status. This value decreases when the composite electrodes are prepared via a solution process. The
lithium silicate coating and the use of a high-Li-ion additive conductor are also important to reduce
the interfacial resistance and achieve high initial capacities (140 mAh g~ 1).

Keywords: all-solid-state batteries; sulfide solid electrolyte; solution process; electrochemical
impedance analysis

1. Introduction

Lithium-ion batteries offer the highest volumetric and gravimetric energy density
among currently used electrochemical storage systems. Thus, such batteries have widely
been used as power sources for portable devices such as computers, mobile phones, and
digital cameras; recently, these batteries have also been extensively used as energy storage
devices for electric vehicles and substations. Nevertheless, the development of the electric
automobile industry has prompted an intensive search for improving lithium-ion batteries
to obtain a high energy density in order to deliver high currents [1,2]. All-solid-state
batteries (ASSBs) offer high energy density, accompanied by solutions for critical safety
concerns. However, these devices still have many unsolved problems that keep them from
commercialization, such as interfacial instability, lithium dendrite formation, and lack of
mechanical integrity during cycling [3,4].

Among solid electrolytes (SEs), sulfide-based SEs such as glass—ceramics LiyS-P»Ss5
binary systems, argyrodite-type LigPS5X (X = Br, Cl, I), and LISICON-type LijgGeP,S12
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(LGPS) exhibit high lithium-ion conductivities up to 10 mS cm~! and wide electrochem-
ical windows (10 V). The combination of high ionic conductivity and mechanical prop-
erties (plasticity) of sulfide SEs make them a promising alternative for next-generation
batteries [3]. Sulfide-based ASSBs have great potential to reach competitive energy densities
of over 350 Wh kg ~! when coupled with high-energy cathodes and lithium metal anodes [4,5].
High-potential oxide cathode materials (e.g., LiCoO,, Lis/3_ 1 Ni**xMn**, 3 ,Co%**,O,,
NMC) and sulfide SEs are dissimilar materials; therefore, the chemical and electrochemi-
cal interaction between them generates an interfacial layer with high internal resistance
that limits the power density and electrochemical performance of the battery [6]. The
chemical reaction between oxide cathode materials and sulfide solid electrolytes occurs
via the solid-solid interface [7,8]. The coexistence of elements belonging to both oxide
cathode and sulfide solid electrolytes—such as S, P, and Co—has been observed in the
interfacial layer [9,10], indicating that an interdiffusion process of such elements takes
place during battery cycling. This interfacial layer is mostly ionically insulating (e.g., cobalt
sulfides), which is one reason for the high interfacial resistance. In this sense, lithium-based
oxide coatings (LiNbO3, LiAlO,, LiyTi5O1;,, and Li3PO4) on cathode materials are used
to reduce the interfacial resistance generated by the chemical reaction layers (blocking
interdiffusion). The coatings are also expected to diminish the effect of interfacial potential,
facilitating the lithium transport (space-charge). These have proven to be rather effective in
the enhancement of the rate capability and capacity retention of the ASSBs [6,9-16].

On the other hand, the preparation of composite electrodes with more intimate con-
tacts between active materials and sulfide SEs is also crucial to achieving low interfacial
resistance and, therefore, to enhancing the electrochemical performance of the ASSB. Typi-
cally, composite electrodes consist of a mixture of active material particles with the sulfide
SE and/or carbon additives to improve ionic and electronic conduction paths to the active
material. Recently, the liquid-phase process has proven to be a simple procedure that can
effectively enhance the solid-solid contact through the composite electrode layer, resulting
in a high initial capacity [17-26]. In this process, the active material and additive parti-
cles are immersed in a sulfide SE solution, and then particles of the active materials are
covered with a layer-type sulfide SE after solvent removal. Although different composite
electrodes have been fabricated using solution processes, the key parameters that affect
the electrochemical performance of the ASSBs are not fully understood. Electrochemical
impedance analysis is a powerful tool that is expected to evaluate the large-scale properties
of the ASSB via the interpretation of internal cell resistances. This information could guide
how ASSB properties such as capacity, cycle life, and performance can be improved [27].

In this work, composite electrodes containing lithium silicate (LS) [28,29]-coated
LiNi; /3Mnj ,3C01 /30, (NMC), a sulfide solid electrolyte, and carbon additives (vapor-
grown carbon fiber (VGCF)) were prepared via a simple mixture and solution process. The
effect of the SE type and ionic conductivity of the sulfide SE into the composite electrode
on the electrochemical performance of the all-solid-state batteries was investigated. Partic-
ularly, changes in the internal resistances of the batteries using electrochemical impedance
are discussed. The results suggest that intimate contact, obtained during the solution
process, was the key to enhancing the electrochemical performance of the batteries. The
ionic conductivity of the sulfide solid electrolyte around 10~> S-cm~! provides sufficient
ionic percolation through the composite electrode, achieving high initial capacities and
allowing their use at high potentials up to 5 V vs. Li. The impedance analysis suggests
that the charge-transfer resistance between the solid electrolyte and the electrode materials
(interfacial reactions) is the main parameter related to the global vision of the ASSB’s status,
and provides crucial information to predict the expected electrochemical performance
of the cell.

2. Results and Discussion

Figure 1 illustrates the processes used for the preparation of the composite electrodes
(details in Section 3). The simple mixture process (Figure 1a) consists of the mixture of the
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LS-coated NMC, VGCF, and sulfide electrolyte in a mortar for few minutes. In the solution
process (Figure 1b), LS-coated NMC is dispersed in a solution of the solid electrolyte, and
then the composite electrode is obtained after solvent removal. The ionic conductivities of
the sulfide solid electrolytes used to prepare the composite electrodes are summarized in
Table 1. Both composite electrodes were evaluated in ASSBs using 75Li,S-25P,Ss as a solid
electrolyte separator (10~ S-cm 1) and Li-In alloy as an anode.
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Figure 1. Processes used to prepare composite electrodes: (a) simple mixture; (b) solution process.
Carbon additive VGCF is not illustrated to facilitate the explanation.

Table 1. Ionic conductivity of the sulfide solid electrolytes (details in Section 3).

Ionic Conductivity

Sulfide Solid Electrolyte Composition Process S.cm-1 at 25 °C
80LiyS-20P,S5 MM 1 9x 107>
80Li,S-20P,S5 Sp2 5x 107

LigPS5Cl (LPSCI) Sp2 4x10°5

! Mechanical milling; 2 solution process (dissolution—precipitation).

Figure 2a,b show scanning electron microscopy (SEM) images of the pristine and
LS-coated NMC particles, respectively. The morphology of NMC particles—a hemispheri-
cal primary particle of ca. 5 um containing secondary particles of around 1 pm—remains
unchanged after LS coating deposition. Figure 2c shows X-ray diffraction (XRD) patterns of
the LS powder at 350 °C. The crystallization of the lithium silicate to the Li;SiO3 orthorhom-
bic phase with the Cmc2; space group (ICSD #853) was observed after 2 h of heat treatment.
Therefore, the LS coating applied to the NMC particles was heated at 350 °C for 0.5 h to
obtain an amorphous coating [29]. Figure 2d—f show transmission electron microscopy
(TEM) images of LS-coated NMC particles obtained from three batches (hereafter referred
to as B1, B2, and B3). The LS coating achieves an average thickness of around 9 nm, with
a variation between 5 and 14 nm. The variation in thickness arises from the tortuosity of
the NMC microstructure and the difficulty in homogeneously covering the particle surface
during the deposition. The effectivity of the inorganic coating thickness in preventing
side reactions between the electrode and electrolyte varies based on the material; however,
a few nanometers have proven to be sufficient to reduce the interfacial resistance during
the battery’s cycling. For instance, LINbO3-coated LiCoO, with a thickness of 8-12 nm and
LigTisOq5 coating of 5 nm have both been used [30].
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Figure 2. SEM images of the (a) pristine NMC and (b) LS-coated NMC particles. (c) X-ray diffraction
(XRD) patterns of the lithium silicate at 350 °C. (d—f) TEM images of the LS-coated NMC particles
from 3 batches.

Figure 3a,b show SEM-EDS (energy-dispersive spectroscopy) analysis of composite
electrodes using an 80Li,S-20P;,Ss5 solid electrolyte prepared via simple mixture and so-
lution processes, respectively. Clear segregation of LS-coated NMC and solid electrolyte
particles was observed in the composite electrode obtained via a simple mixture (Figure 3a).
In contrast, a homogeneous distribution of the sulfide solid electrolyte on the LS-coated NMC
particles was observed in the composite electrode obtained via the solution process (Figure 3b).

Figure 4 shows the first charge-discharge curves of the all-solid-state cells using a
composite electrode with 80Li,S-20P;,Ss solid electrolyte prepared by (a) simple mixture
and (b) solution processes. The initial average capacity of the composite electrodes prepared
by simple mixture achieves 60 mAh g~!, while that obtained by solution process achieves
80 mAh g~! (without considering the composite electrode with LS-uncoated NMC). The
enhancement of the initial capacity in the composite electrodes obtained by the solution
process is attributed to the better solid-solid contacts between electrode and electrolyte
(verified by SEM-EDS analysis, Figure 3b). Despite this improvement in the initial capacity,
the value is still lower than the theoretical capacity (275 mAh g~!) and reversibly accessible
capacity (160 mAh g~1) [31]. Moreover, the composite electrodes prepared by the solution
process seem to show a wide variation (low reproducibility), including the high initial
capacity of the composite electrode using LS-uncoated NMC (100 mAh g~ 1).
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Figure 3. SEM-EDS analysis of composite electrodes prepared via (a) simple mixture and (b) solution
processes using 80LiyS-20P,Ss solid electrolytes. Elemental mappings for Co, P, and S are included. The
color bar at the left-hand side corresponds to the intensity of the signal during the scanning acquisition.
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Figure 4. First charge—discharge curves of the all-solid-state cells using composite electrodes with
80Li2S-20P2S5 solid electrolytes prepared via (a) simple mixture and (b) solution processes at 2.0 to
3.8 Vvs. Li-In alloy (2.6 to 4.2 V vs. Li).

Figure 5 shows the impedance spectra of ASSBs using composite electrodes with
80LipS-20P,S5 SEs prepared via simple mixture and solution processes. The impedance
spectra show similar contributions for both composite electrodes. However, it should be
noted that the total internal resistance of the cell using composite electrodes prepared via
simple mixture procedure (1200 (2) was almost the double that of the cell using electrodes
prepared via solution processes (600 (). In both cases, the total internal resistance of non-LS
NMC was higher than that of the coated version (with the exception of B2 of the solution
process, in which the total internal resistance was similar). Four characteristic frequencies
can be identified in the Bode plot, with an equal number of resistance components, as shown
in the Nyquist plot. An incomplete semicircle observed at high frequencies (>500 kHz)
is related to the solid electrolyte (Rgg) [29]. At intermediate frequencies, two coupled
capacitive semicircles are observed: the small semicircle at high-intermediate frequencies
(10-30 kHz) is related to the solid electrolyte grain boundary (SE-GB); the semicircle at
low-intermediate frequencies (100-300 Hz) is related to the interfacial resistance between
the solid electrolyte and the cathode material (Rgg/c,t), in parallel with the interfacial
capacitance. The semicircle at low frequencies (1-10 Hz) is due to the interfacial resistance
between the solid electrolyte and the anode, in parallel with the interfacial capacitance [18].

The solid lines in Figure 5a—d correspond to the fitting results using the equivalent
circuit in Figure 5e, and the fitting results are summarized in Table 2. Please note that the
equivalent circuit for fitting non-LS in Figure 5a and B1 in Figure 5b uses only a resistance
(RSE) instead of an RSE | | CPSE element, because of the absence of information at high
frequencies. The effective capacitance (Ce,) is calculated from the pseudocapacitance (¢)
and exponential factor (x) of the CP element, as described by Hirschorn et al. [31]. T is the
characteristic time of the associated process. The Rgg and Rgg.gp exhibit similar values to
those reported in the literature (~100-200 ) [29,32]. The RSE/An is higher than reported
values for the Li-In alloy (50-80 Q) [29], which is associated with a possible overlapping
with an additional resistance contribution. This contribution may be related to the cathode
composite electrode, since the regimen of the frequency is close between both the cathode
and anode interfaces. The data variation is associated with the experimental variation
during battery assembly and batch/composite electrode preparation [33]. The largest
resistance contribution in the impedance spectra corresponds to Rgg/cat [29,34], which is
visibly reduced with the use of the LS protective coating, proving that the LS coating is
effective at blocking the initial interfacial reactions. A significant reduction in the Rgg/c,¢
was observed when the solution process was used to prepare the composite electrodes at
more than 300 Q).



Batteries 2021, 7, 77

7 of 15

0
(a ) 2501 Rse Rsece Rsercat Rse/ad ( b ) -104
=204
0 =304
. : . . o — =
250] Rse Rsees  Rsecat  Rsemn, g S0 = o
- > -204 L &
¢ LBl o -30{83 -
: ' ——— = D g
N Rse Rsecn Reecat  Rsgian, @ ‘“‘""’m,;% g,
2501 = «e
£ -204
0 B2 . ’ O 30{s2
0 .
Rse Rsecs Rsercat Rseran . T gy
2501 -104  sEAn Y " SE.GB
g ol + 2201
‘B1 *
0 ] ; : : : : o[ . S
0 200 400 600 800 1000 1200 1 100 10k
72 Q frequency / Hz
0,
( C) 150+ Rse  Rsecs Rsercat. Rsean (d )

-104

REE.GB RSEr‘Cat. RSEfAn,

150 Rse

SANES)
N \\
\
I
!
Phase / degree
s
! | <

B B2
0 -20
150 Rse  Rsecs Rseca  Rsean H T i
EAn. S " SE
— 104 n SE.GB
B Lo SE/Cat.
B4 “ SE
0 . il ~ P L. : ; 3
0 200 400 1 100 10k
Z'/Q frequency / Hz
(e) Rse  Rsece  Rseca | Rsemn

VWAV

CPSE CPSE.GB CPSE.'Cat CPSEJ'M.
| L

1 1 L]
T I 1 I 1

Figure 5. Nyquist and phase plots of the ASSBs using composite electrodes with 80Li,S-20P;Ss solid
electrolytes prepared via (a,b) simple mixture and (c,d) solution process at the 2nd charge cycle;
experimental results (dots); fitting (line). Filled symbols are used to guide the frequency domains
in both the Nyquist and Bode plots. (e) Equivalent circuit for impedance fitting. CP is the constant
phase element used to simulate the capacitive behavior.

Note that the expected ionic conductivity of the 80Li,S-20P,S5 electrolyte through the
composite electrode obtained via the solution process is two orders of magnitude lower
than that obtained via the simple mixture (Table 1, ionic conductivity of SEs). Furthermore,
lower internal resistances and higher initial capacities are obtained by the ASSB using the
composite electrode prepared via the solution process (Table 2 and Figure 4). Therefore,
the ionic percolation through the battery seems to be of high relevance to reducing the
interfacial resistance of the ASSBs, and to achieving high initial capacities. This means that
sufficient solid—solid contacts between the active materials and the sulfide SE could have
occurred through the composite electrode. Despite the improvement in the electrochemical
performance of the ASSB via the solution process, some low reproducibility and slight
variation in impedance results between batches remain. However, this issue can be mainly
attributed to the low conductivity of the sulfide electrolyte, as will be shown below.
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To understand the impact of the lithium-ion conductivity of the sulfide SE on the
preparation of the composite electrodes via the solution process, an argyrodite LPSCI with
a conductivity of two orders of magnitude greater than that of the 80LiS-20P,Ss5 electrolyte
was used (Table 1). Figure 6 shows the first charge—discharge curves and cycle performance
of the ASSB cells using the composite electrode with the LPSCl solid electrolyte prepared
via solution process, as described in Figure 1b.
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Figure 6. (a) First charge—discharge curves at 2.0 to 3.8 V vs. Li-In alloy (2.6 to 4.2 V vs. Li), and (b) cycle
performance of the all-solid-state cells using composite electrodes with LPSCI solid electrolytes
prepared via solution process. Capacity efficiency at the end of each current density was removed,
since the cells were stopped in order to obtain the electrochemical impedance spectra (Figure 7).

The initial capacity was 140 mAh g, which corresponds to 87.5% of the theoretical
capacity. Initial low-capacity efficiency can be attributed to the formation of PS43~, LiCl,
and S from the decomposition of the argyrodite solid electrolyte [35,36]. These products
work as a passivation layer over subsequent cycles. The high reproducibility of the batches
suggests that the enhanced ionic conductivity of SE through the composite electrode and
the use of the solution process are effective in improving the transport properties, resulting
in the high initial capacity. Capacity fade is observed over cycling (see Figure 6tb). The ASSB
achieves a discharge capacity of 80 mAh g~! and capacity efficiency of 95% (130 cycles)
after applying high current densities. In the last cycles, the capacity efficiency beyond 100%
can be attributed to severe damage in the cell because of the cycle performance.

Figure 7 shows the impedance spectra of ASSBs using composite electrodes with
LSPCl prepared via solution process at different cycles after the charging process. The
solid lines in Figure 7a—d correspond to the fitting results using the equivalent circuit in
Figure 7e, and the fitting results are summarized in Table 3.



Batteries 2021, 7, 77

9of 15

0
a . b "
(a) 1504 Rse  RsecsRserca RspanDiff. (b) A«*“% &‘,‘w’“‘m‘%
# .
1001 g -10; My %
50 15 ¥
B2 ) B2
9 0 - - © =20 B NI —————
= " °® P 2 g
N 1504 Rse RSE.GgSEICa!. Rsg/an, Diff. » P i X
' 1009 _ - 7 2 .10] £ SE/An. ‘g SE.GBY
2 a /Difr. SE/Cat.
291/s1 k B1 SH
0 T -20 LA
0 200 400 10m 1 100 10k
7'/ Q frequency / Hz
(C) 150 Rse Rse caRsercalRsenn Diff. (d)
100 -5
50 Cycle 2 -104 Cycle 2
' [ e R i e e e e
150 Rse Rsecs Rsercar RsemnDiff. o i - =
100 . g I
C\: 50 Cycle 10 ¢ o ] . " Cycle 10 ”
{-\.] 150 Rse Rseos Rsecat  Rsemn Diff. B 54 '
100 g 2 o
50 Y & e £ -
Cycle 29 Xf St o -184 Cycle2s A
150 R R st Rsercat Reg ) %
100 * SEG}‘” . 4, sf)??f. -104 Pif* SE.GB
2 SN < A
0% & ycle 130 \f , ' N ol Cycletso N SE
0 200 400 600 Im 100m 10 1k 100k

Z/Q frequency / Hz

(e)

RSE RSE.GB RSFJCal RSEIM
AAY; VvV AV Diff~

CPSE CPSE.GB CPSE/Ca CPSEINI.
— =

Figure 7. (a,b) Nyquist plot of all-solid-state cells using composite electrodes with LigPS5Cl prepared
via solution process at the 2nd charge cycle and (c,d) at different cycles; experimental results (dots);
fitting (line). Filled symbols are used to guide the frequency domains in both Nyquist and Bode plots.
(e) Equivalent circuit for impedance fitting. CP is the constant phase element used to simulate the
capacitive behavior. Diff is simulated with a CP element.

The impedance spectra (Figure 7a,b) show similar contributions to those observed
for the composite electrode using 80LiyS-20P,S5 SE (Figure 5c¢,d). Four characteristic
frequencies (see Bode plot) with an equal number of resistances (see Nyquist plot) are
distinguished (Rsg, Rsg.g, Rsg/cat, and Rgg/an), followed by a tail at low frequencies
(10 mHz), attributed to the diffusion process (Diff.) through the composite electrode.
The total internal resistance (before tail) of the cell was ~400 Q) (Figure 7a,b), which is
~200 ) lower than that of the ASSB using the composite electrode with 80Li,S-20P,Ss. The
reduction in the Rgg.gp and Rgg/cat (~100-150 ) contribute to the reduction in the total
resistance, while the Rgg (~200 Q) and Rgg/an (~80 ) are similar to those reported for
the ASSB using the composite electrode with 80LiyS-20P,S5 (Table 2). In this sense, the
high ionic conductivity of the LSPCl is crucial to reducing the interfacial resistance and
enhancing the ionic percolation through the composite electrode layer prepared via the
solution process.
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Table 2. Fitting results of impedance spectra (Figure 5) with the composite electrodes with 80Li,S-20P,S5 solid electrolytes prepared via simple mixture and solution processes at the 2nd
charge cycle. GOF: goodness of fit (discrepancy between model and experimental values of impedance spectra).

Cathode Ceft.SE Rsg.GB Ceff.SE.GB RsEg/cat Ceff.SE/Cat RsE/An Ceft.SE/An
Composite ~ RSE « (uP) Tse () Q) (uF1) Tse.ce () Q) (uF) Tseicat () Q) (uP) Tseran () GOF
SIMPLE
MIXTURE
Uncoated 277.0 - - 57.8 0.7 4% 105 797.0 1.3 1x 103 245.2 365.9 0.09 2 x 1073
Bl 244.5 2 x 1074 5x 1078 49.1 1.2 6 x 1073 543.0 1.4 8 x 1074 164.1 1342.8 0.22 6 x 1073
B2 167.0 3x 1074 5x 108 87.2 2.1 2 x 1074 858.4 2.0 2x 1073 179.3 5381.6 0.96 6x107°
B3 195.1 2 x 1074 3x10°8 36.9 17 6 x 105 525.8 2.7 1x 1073 240.9 168.1 0.04 8 x10°°
SOLUTION
PROCESS
Uncoated 189.0 3x 1074 5x%x 108 113.7 0.8 9x10°° 295.9 2.6 8 x 1074 81.0 732.1 0.06 3x107°
Bl 253.1 - - 86.4 0.1 5x 107° 191.9 1.2 2 x 1074 108.9 253.0 0.03 2 x 1073
B2 250.8 3x 1074 6 x 108 114.8 0.6 6x107° 195.1 3.7 7 x 1074 128.2 317.7 0.04 4 %1070

Table 3. Fitting results of impedance spectra (Figure 7) with composite electrodes with LSPCI solid electrolytes prepared via solution process at different charge cycles. GOF: goodness of
fit (discrepancy between model and experimental values of impedance spectra).

Electrode
. Ceff.SE Tsg RsegB  Cefr.SE.GB Rsp/cat  Cetf.SE/Cat TsE/cat Rsg/an Ceff.SE/An
_ R Q eff. . eft.SE. T a eff. a a eff. T Tr: F
R R @ ©) (©) wp  TsEeE® g (4F) (s) @) @p  TsEAn®  Toig@®) GO
B1-2 186.6 3x107% 5x10°8 19.4 1.4 3x107° 107.0 3.7 4x1074 86.0 907.7 0.08 6x10° 6x107°
B2-2 171.6 3x107% 5x10°8 19.4 0.4 7 x 107 150.2 2.0 3x 1074 57.4 1124.2 0.07 4x10° 3x10°°
B2-10 184.0 2x10% 3x10°8 239 0.5 1x107° 214.9 2.3 5x 1074 61.1 1263.3 0.08 5x 106 2x107°
B2-29 202.0 3x107% 5x10°8 37.6 0.7 3x107° 252.6 3.3 8 x 1074 56.6 1123.6 0.06 2x107 3x10°°

B2-130 231.9 2x107% 4x10°8 50.0 1.2 6x107° 379.0 3.3 1x 103 52.3 2659.2 0.14 5x107 1x10°%
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The impedance spectra of the ASSBs using composite electrodes with LSPCI prepared
via solution process at different cycles (Figure 7c,d, Table 3) show that the RSE/Cat and
TSE/Cat are largely affected by cycling at high current densities. RSE/Cat increases to
~379 ), while TSE/Cat diminishes by one order of magnitude. Both facts could explain
the clear capacity fade observed in Figure 6b. The capacity fade of ASSBs has been
intensively studied [9,37-39]. The volumetric changes and side reactions at the electrolyte—
electrode interface are some of the factors contributing to the battery fade, consistent with
the observed tendency of the impedance spectra. The values of Rsg, Rsg.gp, and Tsg.gp
also slightly increase with the number of cycles, attributed to the volume changes in the
cell. Rgg/an decreases, because lithium deposition during cycling enhances the interfacial
resistance. Diffusion time (Tp;g, is the time constant of the CP element used for the
simulated diffusion process, as described by Bisquert et al. [40,41]) gradually increases
with the number of cycles, showing that lithium mobility decreases strongly during the
half-cell cycling. In general terms, the increase in the interfacial resistances suggests that a
degradation process during cycling takes place mainly in the electrode composite layer,
increasing diffusion time (Tpj) and charge-transfer resistance (Rgg/cat). Therefore, the LS
coating does not confer sufficient protection to prevent interfacial reactions at high current
densities and cycle numbers.

Figure 8a shows the cycle performance of the all-solid-state cells using a composite
electrode with an LPSC solid electrolyte prepared via solution process at charge-end
voltages from 3.8 to 4.4 V vs. a Li-In alloy (up 5 V vs. Li). The capacity fade of the ASSB is
observed during the first 30 cycles, achieving 99 mAh g~!. The discharge capacity slightly
increases, reaching 104, 107, 113, 120, and 105 mAh g_1 at39,4.0,4.1,43,and 44V,
respectively. The capacity retention after 10 cycles in each charge-end voltage reaches
96, 98, 97,91, and 91% (9th cycle) for 3.9, 4.0, 4.1, 4.3, and 4.4 V, respectively. In contrast
to the cycle performance of the ASSB at high current densities, the cycle performance at
different charge-end voltages suggests that possible interfacial reactions are promoted more
at higher potentials. Signals of possible degradation of the cell are observed at the highest
potential of 4.3 and 4.4 V vs. the Li-In alloy (4.9 and 5 V vs. Li), in which less capacity
retention was also observed. Nevertheless, the potentiality of all-solid-state batteries for
high-potential operation is undeniable. For reference, Li-ion batteries using NMC suffer
dramatic capacity fade after 4.3 V vs. Li [42].
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Figure 8. (a) Cycle performance of the all-solid-state cells using composite electrodes with LPSCI SEs
prepared via solution process, at charge-end voltages from 3.8 to 4.4 V vs. Li-In alloy (4.4 to 5V vs. Li).
(b—d) Charge-discharge curves performed with charge-end voltages of 4.1, 4.3, and 4.4 V, respectively.
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3. Materials and Methods
3.1. Synthesis of Sulfide Solid Electrolytes

The 75LiyS-25P555 and 80LiyS-20P,S5 (mol%) solid electrolytes were prepared via ball
milling [43]. The mixture of Li;S (Mitsuwa Chemical (Cavite, Philippines), 99.9%) and
P,Ss (Aldrich (St. Louis, MO, USA), 99%) was put into a ZrO, pot (volume = 45 mL) with
4 mm diameter ZrO, balls (500 balls), and was ball-milled in a PULVERISETTE (Fritsch,
Idar-Oberstein, Germany) at 510 rpm (20 h). The LigPS5Cl solid electrolyte was prepared
following the procedure reported in [43]. Mechanical milling was conducted using Li,S,
PS5, and LiCl (Sigma-Aldrich (St. Louis, MO, USA), 99.9%), with 10 mm diameter ZrO,
balls (15 balls), in a 45 mL ZrO, pot at 600 rpm (20 h). For the preparation of sulfide SE
solutions, the as-synthetized 80Li,S-20P,S5 and LigPS5Cl powders were dissolved in a
mixture of ethyl acetate and ethanol (0.1 g mL~1) as described in [43]. The solution was
heated at 150 °C under a vacuum to remove the solvents.

3.2. Preparation of LiO-SiO, (LS)-Coated NMC

Amorphous Li;O-5i0;, was prepared via sol-gel process, as described in [44]. Briefly,
lithium ethoxide (LiET, 99.9%, High Purity Chemicals, Tokyo, Japan) and tetraethoxysilane
(TEOS, Shin-Etsu Chemical, Tokyo, Japan) were used as precursors. Ethanol (99.5%, Wako
Pure Chemical, Osaka, Japan) and HCl aqueous solution (Wako Pure Chemical, Osaka,
Japan) were used as the solvent and catalyst, respectively. First, TEOS was dissolved in
ethanol, and then the catalyst (0.1 wt%) was added dropwise. Later, a LiET solution was
added to the prehydrolyzed TEOS solution, and then the mixture was stirred (1 h). Then,
lithium silicate sol (up to 10 wt%) was mixed with NMC particles in a mortar, using ethanol
to homogenize it. Finally, a heat treatment of 350 °C for 30 min was used to consolidate the
coating on the NMC particles.

3.3. Preparation of Composite Electrodes

The NMC active material, sulfide SE (80Li,S-20P,Ss), and vapor-grown carbon fiber
(VGCE, Showa Denko, Japan) were used to prepare the composite electrodes. The weight
ratio of NMC:SE:VGCF was 69:29:2. In the composite electrode prepared via simple mixture
(Figure 1a), the materials (NMC, SE, and VGCF) were mixed for a few minutes in a mortar.
In preparation of the composite electrodes via the solution process (Figure 1b), the NMC
and carbon were dispersed in the sulfide SE solution and mixed using a vortex mixer at
2800 rpm (AS ONE test tube shakers, Japan); this last step was used to make the slurry
homogeneous. Then, the slurry was heated at 150 °C under a vacuum to remove solvents.

3.4. Assembly of All-Solid-State Batteries (ASSBs)

ASSB cells were constructed using 75Li;S-25P,Ss solid electrolytes and Li-In al-
loy as the separator and anode, respectively. The 75Li,S-25P,S5 shows a slightly lower
Young’s modulus than 80Li,S-20P,Ss and, therefore, it was selected as the SE separator
in the ASSBs [45]. The composite electrode (10 mg) and 75Li,S-25P,S5 solid electrolyte
(80 mg) formed a bilayer pellet (¢ = 10 mm) via pressing under 360 MPa at room temper-
ature. On the opposite side of the composite electrode, indium foil was attached to the
75LiyS-25P;,Ss5 solid electrolyte separator by pressing under 120 MPa. Then, the cells were
pressed using two stainless steel rods (current collectors) for both the positive composite
electrode and negative Li-In alloy electrode.

3.5. Characterization

X-ray diffraction patterns (XRD, MiniFlex 600, Rigaku (Tokyo, Japan)) were collected in
the 260 range between 10° and 70°, at a step size of 0.02°. The morphology of the NMC and
composite electrodes was investigated via scanning electron microscopy (SEM, JIB-4600F
MultiBeam SEM-FIB) and transmission electron microscopy (TEM, JEOL JEM-2010). The
charge—discharge performance of the cells (580 battery type system, Scribner Associates)
was evaluated under a constant current (0.13 to 1 mA-cm 1), with cutoff voltages of 2.0 V to
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3.8 V (up to 4.4 V) vs. Li-In at room temperature. The reported capacity of the batteries was
normalized to active material weight (69 mg). Electrochemical impedance spectroscopy
(EIS, SI 1260, SI 1280 Solartron) was evaluated in the frequency range from 1 MHz to
1 mHz, at an amplitude perturbation of 30 mV. In the case of solid electrolytes, the ionic
conductivity was evaluated via EIS in the frequency range of 0.1 MHz to 200 Hz using
pelletized SE samples (80 mg, 360 MPa), at an amplitude perturbation of 10 mV.

4. Conclusions

Composite electrodes containing LS-coated NMC, a sulfide solid electrolyte, and
carbon additives were prepared via two procedures: simple mixture, and solution process.
An amorphous LS coating with a thickness around 9 nm was used. The solution process
allowed us to obtain an enhanced solid-solid contact between the sulfide SE and the active
material particles (confirmed by SEM), resulting in low internal resistances and high initial
capacities. The use of the LS protective coating reduced the interface resistance Rsg/cat,
proving that the LS coating was effective in blocking the initial interfacial reactions. The use
of high ionic conductor argyrodite-type LPSCI in the composite electrode layer enhanced
the ionic percolation through the composite electrode, resulting in a high initial capacity
of 140 mAh g~!, and enabling the ASSBs’ use at high potentials. The charge-transfer
resistance between the solid electrolyte and the electrode materials is the main parameter
derived from the impedance analysis to understand the initial ASSB status. This resistance
shows high values due to insufficient solid-solid contacts between the active material and
the sulfide electrolyte, and low ionic conductivity of the ionic conductor in the composite
electrode layer.
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