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Lithium Argyrodite as Solid Electrolyte and Cathode
Precursor for Solid-State Batteries with Long Cycle Life

Shuo Wang, Mingxue Tang, Qinghua Zhang, Baohua Li, Saneyuki Ohno, Felix Walther,
Ruijun Pan, Xiaofu Xu, Chengzhou Xin, Wenbo Zhang, Liangliang Li, Yang Shen,

Felix H. Richter, Jiirgen Janek,* and Ce-Wen Nan*

All-solid-state batteries with conversion-type cathodes promise to exceed

the performance of lithium-ion batteries due to their high theoretical specific
energy and potential safety. However, the reported performance of solid-state
batteries is still unsatisfactory due to poor electronic and ionic conduction in the
composite cathodes. Here, in situ formation of active material as well as highly
effective ion- and electron-conducting paths via electrochemical decomposition
of LigPSsClg sBr 5 (LPSCB)/multiwalled carbon nanotube mixtures during
cycling is reported. Effectively, the LPSCB electrolyte forms a multiphase
conversion-type cathode by partial decomposition during the first discharge.
Comprehensive characterization, especially operando pressure monitoring,
reveals a co-redox process of two redox-active elements during cycling. The
monolithic LPSCB-based cell shows stable cycling over 1000 cycles with a very
high capacity retention of 94% at high current density (0.885 mA cm~2, =0.7 C) at

cathode materials into ASSBs could fur-
ther increase the specific energy sub-
stantially.'¥!. However, the morphological,
structural, and chemical changes during
cycling are highly complex and the
cycling performance of ASSBs at room
temperature (RT) with conversion-type
cathode materials, such as S, FeS,, or Li,S,
is not yet satisfactory.['>-1°]

Whereas liquid electrolyte can easily
infiltrate the porous cathode composite
to homogeneously contact active mate-
rial particles and form a fast ion transport
network, this is more difficult to achieve
in ASSBs.'V] The effective ionic and
electronic partial conductivities are often

room temperature and a high areal capacity of 12.56 mAh cm~2 is achieved.

1. Introduction

All-solid-state batteries (ASSBs) have attracted much attention
due to their expected safety and high specific energy.'3l Most
ASSB concepts rely on replacing the (flammable) liquid electro-
lyte by solid electrolyte and the graphite anode by lithium metal,
while retaining a layered transition metal oxide as cathode
material.*1% Additionally, the introduction of conversion-type

much lower than expected, especially
in conversion-type cathodes due to poor
ionic/electronic conductivity of many con-
version-type cathode materials and high tortuosity factors.['81°]
Therefore, high fractions of solid electrolytes and carbon addi-
tives are used to increase ionic and electronic conduction,
respectively, at the cost of lowering the areal capacities of the
cells.[20-24

Although many conversion-type ASSBs were reported with
high specific capacities (normalized to the mass of active
material) at RT, they often have low areal capacities (mostly
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<1 mAh cm™) owing to low active material loading.['3-1>2>-31

Several ASSBs with conversion-type cathodes exhibit high areal
capacities (up to 4 mAh cm™2), but these degrade rapidly during
cycling.??34 Good cycling performance was only reported at
relatively low current densities (<0.4 mA cm2).35738] Elevated
temperatures (260 °C) were needed to obtain high C-rate per-
formance.2%394% With increasing areal capacity, higher current
densities are required to maintain the same C-rate, but the
obtained capacity declines due to poor ionic/electronic trans-
port pathways and high electrode overpotential. Therefore,
achieving high areal capacity and sufficient ionic/electronic
transport pathways is essential.?

The formation of redox-active cathode material in situ by
decomposition of the solid electrolyte at the surface of electron-
conducting carbon networks is a promising approach. Usually
considered a major drawback of thiophosphate solid electro-
lytes, their reduction and oxidation at moderately low and high
potentials may actually be an opportunity if the formed decom-
position products can be controlled. Designing optimized solid
electrolyte/carbon composites as “precursors” may open a route
toward electrochemically highly active and reversible conver-
sion-type cathodes.?®"42 So far, the LigPSsCl and LigPSsBr
solid electrolytes used as precursors for the in situ formation of
active material showed unsatisfactory cycling performance. 3!
Moreover, only few reports try to elucidate the complex elec-
trochemical reaction mechanism.?3*=] For example, it has
recently been reported that in the LizPSsCl-C composite cathode
LigPS5Cl decomposes upon initial reduction into LiCl, Li,S and
Li;P, which could be then oxidized into S and P,S,* during a
full charge step.*”] Moreover, in situ pressure measurements
have been utilized to monitor lithiation/delithiation of inter-
calation-type cathodes.***l However, using operando pressure
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measurements to understand the possible reaction pathways of
conversion-type cathodes has not been reported yet.

In the following, we report that ASSBs with LigPSsClysBrq s
(LPSCB) and multiwalled carbon nanotubes (MWCNTs) as
cathode, LPSCB as solid electrolyte and In/InLi as anode (i.e.,
In/InLi | LPSCB | LPSCB-MWCNTs cells) offer a stable areal
capacity of 1.24 mAh cm™2 at 0.7 C over 1000 cycles. Partial
decomposition of LPSCB by electrochemical reduction during
the first discharge step forms redox-active compounds in situ,
and the remaining, unchanged LPSCB electrolyte provides low-
impedance ionic transport pathways in the composite cathode.
Comprehensive advanced analytical techniques, especially
operando pressure analysis, reveal the electrochemical reaction
mechanism. The in situ formed composite cathode and its 3D
network of solid electrolyte, carbon and active material offer a
stable and high capacity in ASSBs.

2. Results and Discussion

2.1. Design and In Situ Formation of the Composite Cathode

In the composite cathode, LPSCB acts as both electrolyte
and precursor for redox-active material (see Figure 1a), as
described above. More details about the LPSCB electrolyte
are shown in Figures S1 and S2 and Table S1 in the Sup-
porting Information. Figure 1b shows a typical scanning
electron microscopy (SEM) image of a cross-section of the
monolithic ASSB cells including the cathode and electrolyte
layers. The uniform sulfur and chlorine signals identified by
energy dispersive X-Ray (EDX) spectroscopy throughout the
cross-section before cycling indicate that the LPSCB particles

b

‘('_‘gtil‘ocrler
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Figure 1. a) Scheme of an In/InLi | LPSCB | LPSCB-MWCNTs cell with monolithic structure. Yellow spheres and dark short rods represent LPSCB
particles and MWCNTs, respectively. b) Cross-sectional SEM image of the ASSB including cathode and electrolyte layers. c) Cycling performance of
LPSCB-based ASSBs with 10, 20, 30, and 40 wt% MWCNTs in the composite cathodes. d) Schematic illustration of the LPSCB-MWCNTs composite
electrode. Black, orange, and yellow colored regions indicate MWCNTs, redox layer, and LPSCB, respectively.
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are well-distributed across the cathode and electrolyte layers
(Figure S3, Supporting Information). Cathode, solid elec-
trolyte and anode layers are tightly contacted, even up to
24.8 mg cm™? of LSPCB loading of the cathode (Figure S4,
Supporting Information). The high-magnification SEM image
of the cathode before cycling (Figure S5, Supporting Informa-
tion) shows that some MWCNTs interconnect in the cathode
and form effective electronic conduction pathways.

The MWCNTs are tightly covered with LPSCB due to ball
milling (Figure S6, Supporting Information). Samples with 10,
20, 30, and 40 wt% MWCNTs (corresponding to 11.5, 22.6, 33.3,
and 43.8 vol%) in the LPSCB-MWCNTs composite are named
as 9010#, 8020#, 7030#, and 6040#, respectively. The cycling
performance of the cathodes with different ratios of LPSCB
to MWCNTs is shown in Figure 1c. To simplify the capacity
calculation, the specific capacity throughout the present work
was calculated based on the total mass of LPSCB in the com-
posite cathode. The discharge capacity increases, first steeply,
then slowly, with increasing MWCNT content (Figure S7, Sup-
porting Information). This indicates that only those electrolyte
particles in contact with MWCNTs participate in the formation
of active material (Figure 1d). Based on the measured capacity
of 1.78 mAh after 20 cycles, about 34% LPSCB in the composite
cathode decomposes and the thickness of the resulting redox-
active layer is roughly 13% of the radius of LPSCB particles
(see Note S1 in Supporting Information). Thus, the composite
cathode is formed in situ via electrochemical decomposition of
a part of LPSCB in the LPSCB-MWCNTs composite layer.

2.2. Electrochemical Reaction Mechanism of the
LPSCB-MWCNTs Cathode

To reveal the reversible redox reaction mechanism of the
LPSCB-MWCNTs composite cathodes, ex situ X-ray photoelec-
tron spectroscopy (XPS), nuclear magnetic resonance (NMR),
Auger electron spectroscopy (AES), X-ray diffraction (XRD),
scanning transmission electron microscopy (STEM), and oper-
ando pressure measurements were performed to characterize
the 7030# cathode at various states during cycling. Figure 2a
shows the discharge—charge voltage profile. The discharge/
charge current density was 0.044 mA cm™ for the first two
cycles and 0.176 mA cm™2 for the following cycles in a voltage
range of 0-3 V. Unless stated otherwise, we reference the
potential versus In/InLi.

XRD patterns (Figure 2b) of the composite cathode at dif-
ferent charge/discharge states show that there are no other
well-defined diffraction peaks in addition to the diffraction
peaks assigned to crystalline LPSCB. After charging the cell to
3 V in the second cycle, no significant changes of the diffraction
pattern are observed (Figure 2b). Upon subsequent discharge of
the electrode to 0V, a broad reflection at a 26 value of about 27°
(as indicated by yellow region) appears, which is attributed to
the formation of amorphous Li,S.[2%

In order to elucidate the decomposition products of the
LPSCB-MWCNTs cathode at different stages, ex situ XPS was
conducted (see Figure 2¢,d and Figure S8, Supporting Informa-
tion). For the LPSCB electrolyte, the PS>~ and free-S?~ ions are
attributed to the LigPSsCly sBr 5 phase.2>*%] After mixing with
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MWCNTs by ball-milling (pristine cathode), a slight increase
in intensity of P-S-P (such as P,S;*, P,S¢*", and P,S¢*) and S,
signals was observed.[0-2]

The S 2p spectrum obtained after the initial discharge to
0.6 V is similar to that for the pristine cell due to no obvious
capacity delivered at this stage. However, with further reduction
to 0V, the P-S-P and S, doublets disappear, the PS>~ signals
decrease and the S?~ signals increase. These changes indicate
the reductive decomposition of LPSCB, leading to the forma-
tion of Li,S.123 At the same time, a new shoulder in the P 2p
spectrum at =128.5 eV appears, indicating the formation of
reduced phosphorous-containing species (P/Li,P).>?

When subsequently charging the cell to 2 V, the Li,S sig-
nals decrease and the P/Li,P signal contributions disappear.
Meanwhile, the PS,’~ signals in the S 2p spectrum become
more pronounced and the P-S-P signals reappear in both S 2p
and P 2p spectra. In addition, the S, signals appear.”®! Various
compounds besides elemental sulfur lie in this binding energy
range for thiophosphates, such as different long chain poly-
sulfides.P%>2 Therefore, we use the simplified term “S, spe-
cies” for the products upon charging. Upon further oxidation
to 3 V versus In/InLi, the PS,’" signals decrease and the Li,S
signals fully disappear, while the P-S-P and S, signals continue
to increase. Overall, the observations upon oxidation suggest
the formation of lithium thiophosphate phases from Li,S and
P/Li,P, and their subsequent oxidation to S, species.

For the second cycle (Figure 2c,d), when the cell is discharged
again to 0.6 V, the S, signals disappear, accompanied by a decrease
in the P-S-P signal contributions, and the PS,*~ signals rise again.
Also, the Li,S signals slightly increase. When the cell is fully dis-
charged to 0 V in the second cycle, the P-S-P signal contributions
almost disappear, and the Li,S doublet continues to increase. The
detail spectra after 20 cycles show that the spectral changes during
charge and discharge are reproducible, which already indicates a
high degree of reversibility of the occurring reactions.

However, it is not possible to confirm unequivocally the pres-
ence of LiCl and LiBr phases after the decomposition of LPSCB
with XPS (Figure S8, Supporting Information), due to small
binding energy differences of Cl (Br) in LPSCB and LiCl (LiBr).>4
From AES measurements, we assume that the formation of LiCl is
part of the decomposition reaction in the LPSCB-MWCNT5 cathode
(see Figures S9-S11, Supporting Information). To further support
the hypothesis of LiCl formation, we performed STEM-EDX
measurements of particles originating from the cathode after dis-
charge to 0 V in the second cycle (Figures S12 and S13, Supporting
Information), and the results illustrate the presence of LiCl in the
composite cathode. Because both Br and Cl occupy the same 4a
and 4c site in the structure of LPSCB,>” we assume that LiBr is
also a decomposition product of LPSCB.

Furthermore, solid-state NMR spectroscopy was conducted
to get further information about the reaction pathway of
LPSCB-MWCNTs electrodes, as displayed in Figure 3. In the
pristine LPSCB electrolyte, most lithium ions are connected to
the PS> tetrahedra.*! One small shoulder is found at around
2 ppm, which can be assigned to the free S?~ in the argyro-
dite structure.”! The ball-milled composite cathode displays a
much broader line compared to the pristine LPSCB electrolyte
due to the increased fraction of glass phase containing PS>
(Figure 3c and Figures S14-S16, Supporting Information).

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. a) Discharge—charge voltage profile (vs In/InLi) for ASSBs with 30 wt% MWCNTs in the LPSCB-MWCNTs composite. b) Ex situ XRD patterns
of the 7030# cathode at different states during cycling. Normalized XP spectra of ¢) S 2p and d) P 2p of the 7030# cathode at different states during
cycling. The cyan-colored dots in Figure 2a indicate the states at which the ex situ analyses were carried out. In S 2p spectra, there are four doublets
providing clues of underlying electrochemical reactions upon cycling, which are S?- (=160.2 eV, dark-green doublet), PS;2~ (= 161.7 eV, dark-blue dou-
blet), P-S-P (=162.9 eV, orange doublet), and S, (= 163.6 eV, light-blue doublet). Since the peak split of S 2p was constrained to be 1.18 eV for all signal
fits, the reported doublet positions correspond to the energetic signal positions of the respective S 2p; ; signal contribution. For the P 2p spectra, the
doublets of PS>~ (= 132.1 eV, dark-blue doublet), P-S-P (= 133.5 eV, orange doublet), and reduced phosphorous species (= 128.5 eV, purple doublet)
are visible upon cell cycling. Since the typical binding energy range of elemental phosphorous is in the range of = 130 eV,*®l we assume the reduced
phosphorus species to be P/Li,P. As expected, the PS;*~ and P-S P doublets in the S 2p and P 2p spectra show the same trend. Thus, the P 2p spectra

confirm the observations made with S 2p.

The cycled LPSCB-MWCNTs cathodes show an additional
broadening at the tail centered at =87 ppm, which is assigned
to isolated PS,>~ tetrahedra. In the °Li and 7Li NMR spectra
of the cathode charged to 2 V in the second cycle, a residual
broad signal between 0.5 and -2 ppm is observed for the
irreversible LiCl/LiBr formed in the first cycle (Figure 3a,b).
Meanwhile, resonance signals in the range > 90 ppm appear
(Figure 3c), indicating the oxidation of the PS>~ phases into
various possible anionic frameworks. The signal at > 90 ppm in
the 3!P spectrum indicates the formation of P,S,* ! while the
weak signal at =115 ppm can be attributed to a tiny amount of
P,S¢%~.1°1° When the composite cathode is further charged to
3V, a deeper oxidation from PS,*" to P,S;*, P,S¢*"and amor-
phous S, occurs, confirming the XPS results.

After discharging to 0.6 V in the second cycle, the signal at
> 90 ppm in the 3P spectra decreases, reflecting the reduc-
tion of the various anionic frameworks, such as P,S¢*~ and

Adv. Energy Mater. 2021, 11, 2101370 2101370 (4 of 10)

P,S;*. Simultaneously, a broad signal between 1 and —2 ppm
shows up in 7Li spectra, indicating the formation of PS>~ and
LiCl/LiBr, color-marked in Figure 3a.**”) Upon further dis-
charging to 0 V, both broad resonances (the purple-filled area)
in 7Li and °Li NMR grow in intensity, indicating Li,S is formed
(Figure 3a,b).’® The reduced products of P° and Li,P with lower
fractions of x here are reflected by *'P spectra for the cathode
discharged to 0 V (Figure 3c and Figure S17, Supporting Infor-
mation).’”) However, the reduced product Li;P is not obvious
at =270 ppm in 3P spectra for the cathode discharged to 0 V
(Figure S17, Supporting Information),l*” which might be due to
the insufficient amount of Li;P for NMR detection in this study.

The pressure changes upon cycling were monitored through
an operando pressure measurement shown in Figure 4. The
net-pressure change Ap of a full cell is typically governed by
the volume changes of both the cathode and anode materials.
Therefore, the pressure test can also be used to reveal the

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Ex situ high-resolution solid-state NMR spectra of LPSCB electrodes at different states of cycling for a) “Li, b) °Li, and c) *'P isotope. The
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and the pristine LPSCB-MWCNTs composite cathode are presented as the purple-filled areas. In order to better compare the evolution upon cycling,
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complex conversion reaction during cycling. While simple con-
version reactions such as In + Li* + e~ — InlLi should result in
a linear volume increase, the observed Ap profiles show a non-
linear behavior with three distinct regions (regions 1-3) upon
charging (Figure 4b). In other words, there are at least three
different reactions involved in the cathode side, each with a spe-
cific volume change.

The theoretical volume change associated with a chemical
reaction of a conversion-type material, i.e., the molar reaction
volume AV, can be estimated on the basis of crystallographic
information.l*! We estimated the volume changes for the afore-
mentioned reaction steps in Figure 4b during charging. We
assumed that the PS,*rich phase, which is formed by a reaction
of Li,S and P? (Li,P is not taken into account here), can be rep-
resented by (Li;S)o75(P2Ss)o25, Which is subsequently converted
to (Li;S)o.67(P2Ss)0.33 (representing Li,P,S;, P,S;*) and finally to
(Li5S)0.50(P2Ss)050 (representing Li,P,Se, P,S¢27).PU Accordingly,
the corresponding reaction volumes can be calculated as follows:

Reaction (1)—Li3PS, (LPS) phase formation

AV [4Li,S +P — 2(LiyS), 5 (PsSs),5 + 5L +5¢” | M

=-5.60 cm® mol™

Reaction (2)—LPS oxidation I

AV [ 4(Li58)5 (PS5)g5 — 3(LisS)y ) (PoSs )y +S+2Li" +2e |
=-8.50 cm® mol™

(2)

Reaction (3)—LPS oxidation II

AV [3(Liy8)y 5 (PS5 )5 = 2(LiS)y 50 (PS5 )5 +S+2Li% +2e” |
=-5.76 cm® mol™

G)

Considering A,V ,,(In/InLi) = +789 cm® mol™, only reaction
(2) can lead to a decrease in Ap upon charging. Accordingly,

www.advenergymat.de

we assume that the oxidation of the LPS glass phases starts in
region 2 (Figure 4b). Consequently, the formation of the LPS
glass phases takes place in region 1. Although the complete
reaction pathway is more complex and convoluted, the above-
mentioned simplified reactions and their reaction volumes can
well explain the observed trend in Ap, further confirming our
hypothesis regarding the reaction mechanism. A more com-
prehensive list of possible reactions and associated reaction
volumes is listed in Tables S2 and S3 in the Supporting Infor-
mation. The slightly more moderate changes of Ap in regions
4-6 are likely due to the more sluggish lithium-ion transport in
the composite after oxidation. As recently reported, the effec-
tive conductivity in the composite can be significantly lower
after applying a sufficiently high potential.[®¥l Region 4 is wider
than region 3, indicating the overlapping reaction especially
in regions 4 and 5, which may also account for the moderate
Ap changes during the discharge process. However, it remains
to confirm the reaction pathways of lithium thiophosphates
during the discharge process. The results highlight the benefit
of operando pressure measurements to better understand com-
plex conversion reactions.

Overall, the results of the various analytical investigations
above are in very good agreement with each other, which allows
us to propose an underlying reaction mechanism within the
conversion-type composite cathode (Figure 5). The major reac-
tions contributing to the reversible capacity are

457 +P" < PS> +(5+x)e” (4)
2PS,” <> PS;* +S+2e” &> PST +2S+4e” (5)

We assume that LPSCB decomposes during the first discharge,
forming Li,S, Li, P, and LiCl/LiBr. LiCl(LiBr) is electrochemi-
cally inactive once it is formed and does not contribute to the
reversible capacity. In the following charging process, PS>
units are formed again. At higher potentials, oxidized sulfur
species (P,S,*, P,S¢¥, S,) are increasingly formed. Assuming
S% and P,Ss as the “ideal” oxidation products for the sake of

Theoretical capacity: (1147 + 114.7 x) mAh-g !

(10 e + X

PS,, %
N Xe" N 5e . 56
[~ orLi* T 5Lt . .
o I U—'GPSEC'G_; 0.5 o
vs Lit/Li
i } } - =
oV 08V 12V Stability range 3BV

Phosphorus redox

Sulfur redox

Figure 5. The sulfur and phosphorus redox reactions are exploited during cell operation. Upon the initial discharge (“formation step”, st step), the
LPSCB argyrodite decomposes into Li,S, reduced phosphorous species (P°/Li,P) and LiCl/LiBr. The darker text color of LiCl/LiBr indicates that these
species are inactive in the redox process. Upon charging (2nd step), Li;PS4(LPS)-like phases are formed first, which then decompose to oxidized sulfur
species. Note that we assume “theoretical” products S° and P,Ss here to describe the underlying reactions in a simplified way.
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simplicity, the process from S° and P,Ss to Li,S and Li,P com-
prises 10 + x electrons and 10 + x Li* ions, which corresponds
to a theoretical capacity of (1147 + 114.7x) mAh g™%. Considering
Li;P (x = 3), this ultimately leads to a maximum theoretical
capacity of 1491.1 mAh g\ Thus, the charge/discharge process
of our conversion-type composite cathode utilizes both sulfur
and phosphorus redox activity, i.e., a co-redox process of two
redox-active elements is achieved.

2.3. Cell Performance and Benchmarking

High room-temperature cycling performance is important for
practical application of ASSBs. The electrochemical performance
of LPSCB based ASSBs with 7030# cathode is shown in Figure 6.
As shown in Figure 6a, the cell with 3.1 mg cm=? LPSCB cathode
loading delivers a stable discharge capacity of 524 mAh g™ at

www.advenergymat.de

0.176 mA cm™? after 400 cycles without any degradation. A high
Coulombic efficiency of around 100% is shown from the fourth
cycle on, which demonstrates that the decomposition products
of LPSCB show reversible electrochemical activity. When the
cell is cycled at 0.442 mA cm™2, the discharge capacity increases
and then stabilizes at 539 mAh g! after 500 cycles (Figure 6b).
This gradual increase in the discharge capacity after activation
process (Figure 6b) is due to the increase in room temperature
induced by seasonal variation from spring to summer during
the long-term cell cycling. Even at a higher current density of
0.885 mA cm™2, the cell still presents excellent long-term cycling
performance. The specific capacity initially decreases, then
increases, and finally stabilizes at about 402 mAh g! (equivalent
to 1.24 mAh cm™) after 1030 cycles with a high capacity retention
of 94% (Figure 6c¢), demonstrating its excellent long-term cycling
stability. The rate test demonstrates the equally excellent rate per-
formance of the cells (Figure S18, Supporting Information).

a 110 —~ d 105 =
X 6003 5.0mgcm? 0.176 mA cm? =
600 3.4mgem?  0.176 mA cm? T ] =
=] N - - | 105 1) 'm W&M can g
= R c Y
< o < & S A 100 -2
£ 400 S g 400p° L £
= 100 £ | o
< 200 8 & 200} 195 £
2 —o— Charge s g = . S
- CRT ——Discharge] 3 © —— Charge z
0 . . . . lgp © RT —— Discharge| (3]
0 100 200 300 400 © % 20 40 60 80 100"
b Cycle number (N) e Cycle number (N)
110 —~ 600 3 > &
600 i 31mgcm?  0.442 mA cm = 248mgcm? 0176 mAcm? 114 £
£ - St S eI 142 2
> 4105 2 o450 | y. &
< c : <
< s < [B 110 €
£ 400t S ‘é E
. jfon i %1100 E <300} | 18 %‘
= = 16
S 200} — - 2 3 g
& ——Charge |~ § §150 14 o
= d |RT —o— Discharge 9 3 < p q—gharﬁle 12 8
. L L L . —— Discharge
0 100 200 300 400 500 o 0 6 1'0 2'0 :?0 0 <
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600 = = 110 - OThis work A |'a";f.13 O Ref25 ® Ref.33]
— 31mgcm? 0.885mA cm X 12 Cell 1 4 Refi4 < Ref26 & Ref.3d
&7y ; a- O Ref15 A Ref27 © Ref.35
=2] 105 © ‘E H Ref20 O Ref28 ¢ Ref.36
R = 400 Rance c o % Ref21 D Ref29 © Ref.37
< Y 2 et V Ref22 W Ref30 ® Ref38
£ e < 8} 4 Ref23 O Ref31 ® Ref.39
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x
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Figure 6. Cycling performance of an ASSB cell with LPSCB cathode loading of 3.1 mg cm™? at different current densities of a) 0.176 mA cm,
b) 0.442 mA cm™2, and c) 0.885 mA cm™2 at RT, with different cathode LPSCB loadings of d) 5.0 mg cm™2 and e) 24.8 mg cm~2 at 0.176 mA cm~?2 at RT.
f) Comparison of the state of the art areal capacities and cycling performance for ASSBs with different sulfur-based conversion-type cathodes. Filled
symbols indicate current density of cycling cells (> 0.5 mA cm~?). Empty symbols indicate current density of cycling cells (< 0.5 mA cm~2). Pink symbols
indicate the cells cycled at 60 °C. Royal symbols indicate the cells cycled at RT or 25 °C.
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Increasing the areal capacity is one of the key factors to
increase specific energy and energy density of ASSBs to fulfill
commercial requirements. Figure 6d shows the cycling perfor-
mance of the cell with LPSCB cathode loading of 5.0 mg cm™ at
0.176 mA cm™2 at RT. The capacity increases initially and stabi-
lizes at 566.8 mAh g! (equivalent to 2.81 mAh cm™2). At almost
fivefold LPSCB cathode loading of 24.8 mg cm™2, a reversible
capacity of about 508.5 mAh g™ at the 30th cycle (equivalent
to 12.6 mAh cm™) at 0.176 mA cm™ is achieved (Figure Ge).
The areal capacity of the cell is among the highest reported
sulfur-based conversion-type cathodes for ASSBs (Figure 6f and
Table S4, Supporting Information). This cell shows an exception-
ally high hypothetical specific energy of the composite cathode
(669 Wh kg, see Table S5, Supporting Information), which
is higher than most intercalation-type cathodes (Figure S19,
Supporting Information), but the hypothetical energy density
does not have a similar advantage (Figure S20 and Table S6,
Supporting Information).l?!

No apparent overpotential increase occurs during cycling,
which guarantees good cycling performance of the cells with
high active material loading (Figure S21, Supporting Infor-
mation). In particular, the cell resistance (< 20 Q cm?) is very
low, which allows the excellent cycling performance and the
high capacity retention of ASSBs (Figures S22 and S23 and
Table S7, Supporting Information). From the focused ion
beam (FIB)-SEM cross-section image of the cells, the cathode
becomes denser compared to the pristine cathode and the inter-
face between the cathode and electrolyte remains intimately
contacted, which accounts for the stable cycling of the cell
(Figure S24, Supporting Information). The cells with a cathode
LPSCB loading of 4.7 mg cm™2 can deliver a stable discharge
capacity of 419.3 mAh g after 400 cycles at a large current den-
sity of 2.55 mA cm™ at 60 °C, demonstrating superior long-
term cycling performance for LPSCB-based ASSB at elevated
temperature (Figure S25, Supporting Information).

3. Conclusions

In summary, we have achieved a high areal capacity of up to
12.56 mAh cm™ at RT by utilizing the sulfur and the phos-
phorus redox activity of the decomposition products of “pre-
cursor” LPSCB solid electrolyte as active materials in ASSBs
(“two-element redox”). Due to the well-designed composite
cathode structure and the application of external pressure to the
cells, the LPSCB-based cells can deliver around 1.24 mAh cm™
after 1030 cycles at a large current density of 0.885 mA cm™
at RT with a high capacity retention of 94%. The major reac-
tions contributing to the reversible capacity have been revealed
by complementary characterization methods. Accordingly,
LPS-like phases are decomposed to Li,S and P/Li,P during dis-
charge. During charge, the reduction products are oxidized to
LPS-like phases, containing various polyanions such as P,S;*
and P,S¢*” and S.like species. LiCl and LiBr are irreversibly
formed during the first discharge process. Our work deepens
the understanding of the electrochemical reaction of thiophos-
phate solid electrolytes and opens a new avenue for developing
high-performance ASSBs. This method could also be extended
to other argyrodite-type thiophosphate solid electrolytes.
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4. Experimental Section

Synthesis: LigPSsClosBros was prepared by solid-state reaction. Li,S
(Alfa, 99.9%), LiCl (Aladdin, 99.9%), LiBr (Aladdin, 99%), and P,Ss
(Aladdin, 99%) powders were weighed in the appropriate stoichiometric
ratio and mixed by ball milling at 100 rpm for 2 h using a planetary ball
mill (Fritsch Pulverisette 7). Subsequently, the mixture was sealed in a
quartz tube, annealed at 550 °C for 10 h, and then slowly cooled to RT.

The raw MWCNTs (Shenzhen Nanotech Port Co. Ltd., China) were
pretreated with nitric acid as reported in a previous publication.?l The
composite cathode was obtained by ball milling the mixture of LPSCB
and MWCNTs at 300 rpm for 1 h. All procedures were conducted under
argon atmosphere in a glove box ([O;] <1 ppm, [H,0] <1 ppm).

Characterization: The cross-sectional morphology and composition of
the samples were examined by SEM (Zeiss Merlin) at an acceleration
voltage of 5 kV with EDX at 15 kV. The cross-sectional morphology of
the cell after long-term cycling was imaged using the FIB technique
(TESCAN, China S9000X). The (120 x 150) um?* crater with 90° was
obtained using a xenon source. The dwell time was 1 ps. The samples
were transferred using an Ar-filled shuttle to minimize side reactions
with air. The FIB-SEM images were obtained at an accelerating voltage
of 5 kV. The phase identification of the samples was obtained using an
XRD diffractometer (Rigaku D/max-2500 diffraction meter with a Cu
K, radiation source). The samples were sealed in an airtight container
covered with a Kapton polyimide thin film to prevent air contamination
reactions due to moisture and air. The surface chemistry of the samples
was examined using an XPS spectrometer (PHI 5000 VersaProbe Il)
with a monochromatized Al K, source (1486.6 eV). The samples were
transferred from the glovebox to the analysis chamber using a transfer
shuttle filled with Ar gas. The sample surface was cleaned for 3 min via
Ar* sputtering with an acceleration voltage of 2 kV. The suitability of the
calibration was double-checked with the binding energies of the main
components of the different samples. Common curve fitting restrictions
were used such as upper full width at half maximum limits, fixed area
ratios (e.g., p orbitals 1:2), and fixed spin-orbit splittings.*?

AES (PHI-700, ULVAC-PHI) was performed to analyze the elemental
distribution of the composite cathode at the fully charged/discharged
state. Samples were transferred from the glove box into the instrument
using a transfer vessel filled with Ar gas. The morphology of the
composite cathode after being fully discharged to 0 V was obtained
using a Cs-corrected FEI Titan G2 60-300 kV (Field Electron and lon Ltd.,
Hillsboro, USA) TEM with EDX operated at 120 kV. The samples were
transferred using an Ar-filled container. Solid-state magic-angle-spinning
(MAS) NMR experiments were carried out on a Bruker Avance 111-400
spectrometer operating at °Li, Li, and 3'P Larmor frequencies of 58.9,
155.5, and 162.0 MHz, respectively. The samples were collected from the
cathode layer and a small amount of solid electrolyte layer. All samples
were packed into 4.0 mm zirconia rotors in an Argon-filled glovebox to
avoid decomposition. The rotors with sample were spun at 8 kHz using
a 4.0 mm MAS HX probe. A single pulse sequence was employed for
all signal acquisition. The 7/2 pulse lengths of 2.0, 0.96, and 0.95 us
were determined for °Li, ’Li, and 3'P detection, respectively. Both bLi and
’Li shifts were referenced to a 1 mol L™ solution of LiCl at 0 ppm. 'P
spectra were externally referenced to 85 wt% H3POy,q) at 0 ppm.

Electrochemical ~ Measurements: ~ LPSCB-based =~ ASSBs  were
assembled as follows. First, 120 mg of LPSCB powder was pressed in
a polyetheretherketone housing with a diameter of 12 mm at 120 MPa.
Then, the composite cathode was evenly spread onto the electrolyte
pellet and pressed at 100 MPa. Afterward, the thin lithium foil was
put on the other side of the pellet followed by put an indium foil, the
cell was pressed at 150 MPa for 3 min. The ASSBs were tested in a
homemade Swagelok cell at a constant pressure of 150 MPa using a
LANHE battery testing system (CT3001A, LANHE, China) in a voltage
range of 0.0-3.0 V (vs In/InLi), corresponding to 0.6-3.6 V (vs Li*/Li).
The current density for all batteries was set as 0.044 mA cm~2 for the first
two cycles to activate the cathode. All cell cycling at RT was carried out
in a glove box. The ac impedance measurement was conducted using an
impedance analyzer (ZAHNER-Elektrik, IM6) in the frequency range of
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1 MHz to 1 Hz at RT. The operando pressure monitoring of the cell with
7030# cathode was conducted with a homemade apparatus. Detailed
information about the apparatus is described in the previous works.[647]
The cell pressure was fixed at around 120 MPa by tightening the frame.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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