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HIGHLIGHTS

® Anode pre-lithiation technique was employed to promote the reversibility of Al.

e Dual-reinforcement technology was developed to address the interfacial incompatibility between the Ni-rich cathode active material

and sulfide solid-state electrolyte.

® The fabricated all-solid-state lithium battery comprising the pre-lithiated Al anode and dual-reinforced Ni-rich cathode achieves stable

cycling for 1000 cycles with a capacity retention of 82.2%.

ABSTRACT Aluminum (Al) exhibits excellent elec-

trical conductivity, mechanical ductility, and good All-selid-state lithium battery w “e
chemical compatibility with high-ionic-conductivity 1 ‘ffcmsﬂ cathode 5
electrolytes. This makes it more suitable as an anode = \:\li;;‘;\\

material for all-solid-state lithium batteries (ASSLBs) g [EmSER { -

compared to the overly reactive metallic lithium anode 2 —__ Dual-reinforcement
and the mechanically weak silicon anode. This study [Eeesinthiated Al aniode G e

\ 4

finds that the pre-lithiated Al anode demonstrates out- Capacity Anode y

standing interfacial stability with the LisPSsCl (LPSCI) R
electrolyte, maintaining stable cycling for over 1200 h s ~ . Lt () LIDFOB@LPSCI () LiNbO,@NCM811
under conditions of deep charge—discharge. This paper

combines the pre-lithiated Al anode with a high-nickel cathode, LiNi, ¢Co, ;Mn ;O,, paired with the highly ionic conductive LPSClI elec-
trolyte, to design an ASSLB with high energy density and stability. Using anode pre-lithiation techniques, along with dual-reinforcement
technology between the electrolyte and the cathode active material, the ASSLB achieves stable cycling for 1000 cycles at a 0.2C rate,
with a capacity retention rate of up to 82.2%. At a critical negative-to-positive ratio of 1.1, the battery’s specific energy reaches up to
375 Wh kg™!, and it maintains over 85.9% of its capacity after 100 charge—discharge cycles. This work provides a new approach and an

excellent solution for developing low-cost, high-stability all-solid-state batteries.
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1 Introduction

Sulfide-based all-solid-state lithium batteries (ASSLBs)
with high energy density and safety are expected to satisfy
the demands of long-range electric vehicles and electric
flight [1]. As one of the key components of the battery, nega-
tive electrode plays a critical role in battery performance [2,
3]. Lithium (Li) metal anode, which exhibits low electrode
potential (—3.04 V vs. standard hydrogen electrode) and
high theoretical capacity (3860 mAh g!), has been exten-
sively investigated for ASSLBs [4]. Nonetheless, the issues
related to interfacial instabilities between Li and sulfide elec-
trolytes, as well as the short circuits caused by Li dendrites
penetrating the electrolyte, have proved to be exceedingly
challenging to address [5—7].

Other alternative anode materials such as Li alloys not
only retain a significant capacity advantage, but also possess
improved interfacial stability due to the reduced thermo-
dynamic driving force for electrolyte reduction. Moreover,
Li alloys can promote uniform plating and stripping of Li*
and thus prevent the safety hazards caused by the growth
of Li dendrites [6]. Metal indium (In) is a commonly used
reversible counter electrode tool in the study of cathodes
for sulfide-based ASSLBs. Nevertheless, its high operat-
ing potential (0.62 V vs. Li/Li*) and small electrochemi-
cal capacity hinder it from being utilized as an actual bat-
tery anode [8, 9]. High-capacity silicon (Si) materials also
encounter extremely challenging difficulties in all-solid-state
batteries. The chemical instability at the interface with the
electrolyte and the stress failure due to significant volume
deformation are both concerning issues [10, 11]. In addi-
tion, the poor conductivity of Si also raises concerns of slow
kinetics during charge and discharge period.

Aluminum (Al), as the most abundant metallic element
in the earth’s crust, has a good conductivity and competi-
tive capacity of 990 mAh g~!. Compared with Si anode, Al
exhibits smaller volume changes during cycling (96% vs.
320%), which is favorable for maintaining good anode—elec-
trolyte interface stability. Moreover, the moderate working
potential of Li-Al alloy (~0.3 V vs. Li/Li*) can also facilitate
the realization of high energy density in batteries. Since Al
can be economically and efficiently fabricated as a freestand-
ing foil, the application of Al does not involve any inactive
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conductive agents and binders, nor require an additional cur-
rent collector [12]. In consideration of these advantages, Al
is a promising candidate for advanced anode material.

In our previous work, we proposed a stable all-solid-state
lithium—sulfur battery system, in which Li, gAl alloy was
employed to replace Li as an anode to achieve excellent sta-
bility with the Li,;GeP,S,, electrolyte [13]. However, the
overall energy density of the battery is limited to the low
operating potential of the S cathode (~2.0 V). High-nickel
layered oxide cathode (LiNi,Co,Mn;_, 0,,x>0.8, NCM),
which delivers an output voltage of ~3.7 V and decent spe-
cific capacity, is desirable to enable a more practical ASSLB.
Nevertheless, constrained by the severe interface incompat-
ibility between the cathode active materials (CAMs) and
sulfide electrolytes, the realization of stable sulfide-based
all-solid-state battery composed of Al-based anode and
high-nickel cathode is still impeded.

Here, by addressing the interface issues between the elec-
trode materials and sulfide electrolytes, a promising type
of ASSLB with high energy and stability was designed (as
illustrated in Fig. 1). First, an anode pre-lithiation technique
was adopted for Al to promote its reversibility, and the out-
standing stability of the pre-lithiated Al anode toward sulfide
electrolyte (LigPS5Cl, LPSCI) was confirmed by the electro-
chemical tests of symmetric cells under deep charge—dis-
charge conditions. Then, a dual-reinforcement technology
was developed to effectively suppress the side reactions
between the LiNij, ¢Co, ;Mn, ;0, (NCM811) CAMs and
LPSCl electrolyte, as well as strengthen the oxidation toler-
ance of LPSCI at high potentials. The superior electrochemi-
cal properties of the modified composite cathode were iden-
tified by the cycling and rate tests, as well as the postmortem
characterizations. Furthermore, an ASSLB composed of the
well-designed negative and positive electrodes was fabri-
cated and evaluated to verify the feasibility of the proposed
battery system. The ASSLB achieved stable cycling for 1000
cycles with an excellent capacity retention of 82.2%. At a
critical negative-to-positive (N/P) ratio of 1.1, the battery’s
specific energy reaches up to 375 Wh kg™! (based on the
mass of the positive and negative electrodes), and it main-
tains over 85.9% of its capacity after 100 charge—discharge
cycles, which demonstrates a bright practical prospect of
the ASSLB.

https://doi.org/10.1007/s40820-025-01751-y
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2 Experimental Section
2.1 Materials

Niobium ethoxide ([Nb(C,H;0)s], Alfa Aesar, 99.9%),
lithium acetate (CH;COOLi, Aladdin, 99.9%), lith-
ium difluoro(oxalate)-borate (LiDFOB, Aladdin, 99%),
LiNi, ¢Co, ;Mn, 0, (NCM811, Hefei Kejing Material
Technology Co. Ltd.), LisPSsCl (LPSCI, Hefei Kejing Mate-
rial Technology Co. Ltd.), Ketjen Black (KB, Hefei Kejing
Material Technology Co. Ltd.), Pt powder (Macklin, 99.9%),
and Al (Alfa Aesar, 20 pm thickness) were purchased with-
out further purification.

2.2 Preparation of LiNbO;@NCMS811, LiDFOB @
LPSCI, Pre-Lithiated Al Anode, and Composite
Cathode

2.2.1 Preparations of the LINbO;@NCM811

0.0194 g of niobium ethoxide and 0.004 g of lithium acetate
(molar ratio 1:1) were dissolved in anhydrous ethanol and
stirred for 12 h. Then 0.973 g NCMS811 was added and ultra-
sonically dispersed for 2 h. After homogeneous dispersion
by ultrasonication, the mixture was stirred for another 1 h
and then transferred in a vacuum oven to remove the sol-
vents and obtain the LiNbO;-coated NCM811 powder. The

Voltage (V)

Pre-lithiated Al anode

powder was annealed in air at 450 °C for 1 h to obtain the
final product, denoted as LINbO; @NCMS811.

2.2.2 Preparations of the LIDFOB@LPSCI

LPSCI and LiDFOB were weighed according to the mass
ratios of 100:0.5, 100:1, 100:1.5, and 100:2, respectively,
and mixed in a mortar. The above operations were carried
out in a glove box (H,0<0.01 ppm, O,<0.01 ppm). The
mixture was poured into a ball milling jar and milled under
Ar atmosphere for 15 h at a speed of 500 r min~! with a
ball-to-feed ratio of 50:1. The obtained sample is denoted
as LIDFOB @LPSCI.

2.2.3 Preparations of the Pre-Lithiated Al Anode

The Al foil with a diameter of 10 mm was cleaned with
anhydrous ethanol before use. Li foil with an optimal molar
ratio of Li:Al=0.14:1 was pressed onto the Al foil, and then,
300 MPa pressure was applied and kept for 6 h. The above
operation was conducted in a glove box.

2.2.4 Preparations of the Composite Cathode

The prepared LiINbO;@NCMS811 and sulfide electrolytes
(LiDFOB @LPSCI or bare LPSCI) were put into a mortar

PSCI Dual-reinforcement

!—!ﬁ -

Capacity > Anode ‘/
Pre-lithiation
e o Lit _ LIDFOB@LPSCI (' LINbO,@NCM811

Fig. 1 Schematic diagram of all-solid-state battery configuration composed of pre-lithiated Al anode and dual-reinforced NCM811 cathode
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with a mass ratio of 7:3 and ground for 0.5 h to ensure
homogeneous mixing. The above operation was conducted
in a glove box.

2.3 Cell Assembly

For the assembly of D-cathode/Liln or M-cathode/Liln
battery, 120 mg LPSCI was added into a poly(ether-ether-
ketone) (PEEK) mold with an internal diameter of 10 mm
and 280 MPa pressure was applied and held for 2 min (The
thickness of the molded electrolyte pellet is ~ 1.2 mm). Then
the prepared composite cathode was evenly dispersed on
the one side of the LPSCI pellet and 280 MPa pressure was
applied and held for 5 min. In foil was placed on the other
side of the LPSCI pellet and a Li foil with a molar ratio of
Li:In=0.5:1 was pressed on the In foil. Carbon-coated Al
and Cu foils were used as the collectors at the cathode and
anode sides, respectively. The assembled battery was oper-
ated under pressure of 80 MPa by a stainless steel frame.
For the assembly of Li-Al/D-cathode battery, the procedures
remain the same except that the prepared pre-lithiated Al
anode was used to replace Liln and no additional Cu foil was
added as the collector. The symmetric cells were assembled
with the same method except that the pre-lithiated Al or
Li anode was placed on both sides of the LPSCI pellet. As
for the assembly of the Li-Al/D-cathode pouch cell, firstly,
the prepared composite cathode was thoroughly mixed with
polytetrafluoroethylene with a mass ratio of 99:1 and ground
with an agate mortar until a dough was formed. Then the
dough was roll-pressed into a sheet with desired thickness
to obtain the cathode film. The LPSCI film was fabricated
following similar procedures. Finally, the cathode film,
LPSCl film, and the freestanding pre-lithiated Al anode were
pressed together and vacuum-sealed in aluminum plastic
film. Nickel and aluminum metal tabs were welded to anode
and cathode side as collectors, respectively.

LiDFOB @LPSCI-KB/LPSCI/Liln battery: LIDFOB @
LPSCI and KB mixture was obtained by grinding the pre-
pared LIDFOB @LPSCI and KB with a mass ratio of 1:1
for 1 h. The LiDFOB@LPSCI-KB/LPSCI/Liln battery
was assembled with the same method as D-cathode/Liln
or M-cathode/Liln battery except the change of the elec-
trodes. The LiDFOB@LPSCI-KB (10 mg) mixture was
adopted as the working electrode and distributed evenly on
the one side of the LPSCI pellet. The LPSCI-KB/LPSCI/Liln

© The authors

or LPSCI-Pt/LPSCI/Liln battery was fabricated following
similar procedures.

Al/LPSCI/Liln battery: The AI/LPSCI/Liln battery was
assembled with the same method as LIDFOB @ LPSCI-KB/
LPSCI/Liln battery except that the LiDFOB @ LPSCI-KB
mixture was changed to an Al foil with a diameter of 10 mm.

2.4 Electrochemical Tests

The galvanostatic discharge/charge tests of the ASSLBs
were carried out on the Neware battery test system. Cyclic
voltammetry and linear sweep voltammetry tests were con-
ducted on the CHI with a scan rate of 0.1 mV s~!. Elec-
trochemical impedance spectroscopy (EIS) tests were per-
formed on the Solartron with an applied frequency range of
0.1-10° Hz and an amplitude of 5 mV. The voltage ranges
were set to 2.1-3.78 V versus Liln for D-cathode/Liln or
M-cathode/Liln battery and 2.4—4.07 V versus Li-Al for Li-
Al/D-cathode battery. Specific capacity calculations were
based on the mass of LINbO;@NCMS811. The N/P ratio
is defined as the ratio between the maximum capacity of
the pre-lithiated Al anode under conditions of maintaining
a constant potential (3 mAh) and the theoretical capacity
that can be provided by the composite cathode. For the Li-
Al/D-cathode battery with a N/P ratio of 1.1, the mass of the
pre-lithiated Al anode and composite cathode was 4.3 and
20 mg, respectively.

2.5 Material Characterization

X-ray diffraction (XRD, Bruker D8) analysis was carried out
to analyze the structure change of NCM811 and LPSCI after
modification. The morphology observation was conducted by
scanning electron microscopy (SEM, Hitachi SU8010). The
successful formation of the coating layer on NCM811 and
LPSCI was demonstrated by transmission electron micros-
copy (TEM, FEI TF20) and cryo-TEM, respectively. And
the corresponding composition mapping was obtained by the
equipped energy-dispersive X-ray spectrometry (EDS). X-ray
photoelectron spectroscopy (XPS) test was performed on PHI
5000 VersaProbe-II to analyze the specific components of the
coating layer on LPSCI and structure change of LPSCI after
cycling. The cross-sectional microstructure of the composite
cathode before and after cycling was observed by focused

https://doi.org/10.1007/s40820-025-01751-y
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ion/electron dual-beam electron microscopy (Helios G4
CX). Atomic force microscopy (AFM, Bruker Dimension
ICON) and RTESP-525 tip were used to analyze the Young’s
modulus of the LIDFOB @LPSCI and LPSCI electrolytes.
Raman spectroscopy was carried out on a confocal Raman
microscope (inVia, Renishaw) with an excitation wavelength
of 633 nm. Time-of-flight secondary-ion mass spectrometry
(ToF-SIMS) measurements were taken via a TOF-SIMS5
(ION-TOF-GmbH) in Nano-X. And a pulsed Bi** ion beam
(30 keV) set in high current mode was applied for ToOF-SIMS
surface analysis.

3 Results and Discussion

3.1 Practical Stability Window of LPSCI and Elec-
trochemical Property of Al

The stability of the electrode—electrolyte interface is
intimately linked to the electrochemical stability window
(ESW) of the electrolyte. Theoretical calculations indicate
that the ESW of LPSCl ranges from 1.71 to 2.01 V versus
Li/Li*, suggesting that LPSCI] undergoes degradation
when the applied voltage falls below 1.71 V or exceeds
2.01 V [14]. Despite this, anodes such as Li-In alloy and
Li,TisO,,, which operate at potentials below 1.71 V,
have been identified as stable in LPSCl-based batteries,
implying that the practical stability window for LPSCI
may indeed be broader than the theoretical predictions.
To offer practical guidance for LPSCI applications, the
ESW of LPSCI under operational conditions was investi-
gated. The practical reductive stability limit of LPSCI was
determined via cyclic voltammetry (CV) experiments. The
experimental setup featured a LPSCI-Pt/LPSCI/Liln config-
uration, where platinum (Pt) powder was introduced to the
working electrode in lieu of carbon materials to enhance
electrical contact area and prevent carbon lithiation at low
potentials. The Li-In alloy, with a molar ratio of Li:In at
0.5:1 and a stable potential of 0.62 V versus Li/Li*, demon-
strated exceptional compatibility with LPSCI, thus serving
as both counter and reference electrodes in the study [13].
As depicted in Fig. 2a, a discernible reduction current peak
emerged at low potentials during the initial cathodic sweep,
indicating the decomposition of LPSCI. The correspond-
ing differential curve in Fig. 2b reveals a sharp increase at
—0.51 V versus Liln (0.11 V vs. Li/Li*), which suggests
that the reductive stability limit of LPSClis 0.11 V versus

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

Li/Li*. The oxidation peak exhibits reduced intensity dur-
ing the subsequent anodic scan, implying that the electro-
chemical reduction of LPSCl is not entirely reversible. The
second and third cycles display diminished reduction and
oxidation current peaks, likely due to the passivation effect
of the decomposition products. The oxidative behavior of
LPSCI was examined using a linear sweep voltammetry
test. As illustrated in Fig. 2¢c, the decomposition current of
the LPSCI electrolyte was observable from the open-circuit
voltage (2.5 V vs. Li/Li*) of the battery up to the cutoff
voltage of 3.78 V versus Liln (4.4 V vs. Li/Li"), suggesting
that the actual oxidation limit of LPSCl is less than 2.5 V
versus Li/Li*.

The characteristics of Al foil were studied to estimate its
feasibility as the anode of ASSLBs with LPSCI electrolyte.
The equilibrium potential of Al after lithiation was measured
by the galvanostatic intermittent titration technique (GITT)
test. As shown in Fig. 2d, the lithiated Al foil presented
a stable potential of —0.29 V versus Liln (0.33 V vs. Li/
Li*). The moderate operating potential of Al foil is higher
than the decomposition potential of LPSCI, guaranteeing
the anode—electrolyte interface stability. Quantitative lithi-
ation test of Al foil was also carried out to reveal the maxi-
mum Li content that can be accommodated in Al (inset in
Fig. 2d). The Al foil maintains a constant potential until the
Li content in Al exceeds 3.6 mAh (4.6 mAh cm™?), which
demonstrates that the Al foil can enable a commercially rel-
evant capacity (2-5 mAh cm™2) while still retaining interface
stability with the LPSCI electrolyte. The electrochemical
performance of Al foil was investigated. Figure 2e displays
the initial discharge—charge profiles of the AI/LPSCI/Liln
battery with a Coulombic efficiency of 70.9%, which indi-
cates that a portion of Li ions cannot be reversibly released
after entering into the Al skeleton, as further evidenced by
the X-ray diffraction (XRD) results presented in Fig. 2f. In
the subsequent cycles, the irreversible capacity in Al foil
gradually increased until the Coulombic efficiency of the
battery reached ~ 100% after 25 cycles (Fig. S1).

3.2 Interface Stability Between the Pre-Lithiated Al
Anode and LPSCI

To improve the reversibility of the Al foil, an anode pre-

lithiation technique was employed. In this study, the optimal
amount of implanted Li in the Al matrix was determined to

@ Springer
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Fig. 2 Practical ESW of the LPSCI electrolyte and the lithiation behaviors of Al. a CV test of the LPSCI-Pt/LPSCI/Liln battery at a scan rate of
0.1 mV s~!. b Differential curve of the first cathodic scan in a. ¢ Linear sweep voltammetry test of the LPSCI-KB/LPSCI/Liln battery at a scan
rate of 0.1 mV s~'. d GITT profile of the Al foil. The current pulse was 0.1 mA cm™ and for 1 h, followed by a rest time for 2 h. Inset is the
lithiation profile of Al in the AI/LPSCI/LiIn battery at a current density of 0.1 mA cm™2. e Initial discharge and charge profiles of the Al/LPSCV/
Liln battery. The discharge capacity was set at 1 mAh, and the charging cutoff voltage was set at 0.5 V vs. Liln. f XRD pattern of the pristine Al

foil after initial discharge (blue) and charge (red)

be 0.6 mAh (corresponding to a Li: Al molar ratio of 0.14:1).
This quantity effectively compensates for irreversible capac-
ity losses in the Al matrix while preserving sufficient sites
for Li* released from the cathode (Fig. S2). Pre-lithiation of
the Al foil was achieved via a mechanical alloying method.
As illustrated in Fig. S3, the continuous pressure applied
during this process accelerates the diffusion of Li atoms into
Al matrix at the interface, promoting a solid-state reaction
to form the Li-Al alloy [13]. XRD analysis confirmed that
the pre-lithiated Al foil consists of a mixture of Al and Li-Al
phases (Fig. S4), which indicates that the lithiation of Al
proceeds through a biphasic reaction characterized by a con-
stant potential, consistent with the flat potential curve shown
in Fig. 2d. SEM was utilized to characterize the pre-lithiated
Al foil. As shown in Fig. S5, the surface and cross-sectional
morphologies exhibit a dense and uniform structure.
Symmetric Li-Al/LPSCI/Li-Al cell (note: Li-Al refers to
the pre-lithiated Al foil) was fabricated to evaluate the inter-
facial stability between the pre-lithiated Al anode and LPSCl

© The authors

electrolyte. As shown in Fig. 3a, the Li-Al/LPSCI/Li-Al cell
exhibits excellent cycling stability with a small polarization
at 0.2 mA cm™2 (0.2 mAh cm™2) after 1200 h. For compari-
son, a symmetric Li/LPSCI/Li cell was assembled and tested
under the same conditions, which suffered from a short cir-
cuit after cycling for 140 h, indicating that Li dendrites had
pierced through the electrolyte. The Li-Al/LPSCI/Li-Al cell
was evaluated under deeper charge—discharge conditions
(0.5 mA cm~2, 0.5 mAh cm™?) and demonstrated stable
cycling for over 1000 h, as shown in Fig. S6. Critical current
density (CCD) tests were also conducted to determine the
maximum current density that the Li-Al/LPSCI/Li-Al cell
can tolerate without failure. As depicted in Fig. 3b, although
the overpotential increased gradually with the rise in current
density, no signs of cell failure were observed. In contrast,
short circuits occurred in the Li/LPSCI/Li cell when the cur-
rent density reached 0.9 mA cm™? (Fig. S7).

EIS measurements were taken to probe into the internal
impedance variation of the Li/LPSCI/Li and Li-Al/LPSCV/

https://doi.org/10.1007/s40820-025-01751-y
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Li-Al cells. The Li/LPSCI/Li experienced cell failure before
150 h (Fig. 3c). Conversely, the Li-Al/LPSCI/Li-Al cell
maintained a stable impedance profile, with no indication
of short-circuiting within the 240 h timeframe (Fig. 3d). To
gain deeper insights into the impedance characteristics, the
EIS data were further deconvoluted using semiquantitative
distribution of relaxation times (DRT) analysis. As depicted
in Fig. 3e-h, five distinct relaxation processes (R1-R5) were
identified [15]. R1 corresponds to the bulk electrolyte resist-
ance, while R2 and R3 reflect the SEI impedance. R4 is
attributed to charge transfer resistance, and RS represents
diffusion impedance within the electrodes. Notably, a low
time constant (t) in the R2 and R3 regions indicates rapid
Li-ion transport kinetics across the interphase, while a low
7 value in the R4 region implies an enhanced response for
charge transfer. Due to the unstable interface between Li and
LPSCI, both the SEI resistance (Rgg;) and charge transfer
resistance (R.,) progressively increase in the Li/LPSCI/Li
cell over extended cycling. In stark contrast, the Rgg; and R,
of Li-Al/LPSCI/Li-Al cell could remain stable with slight
changes.

XPS was used to study the composition change of the
LPSCI electrolyte after the Li/LPSCI/Li and Li-Al/LPSCl/
Li-Al cell cycling for 150 h (Fig. 3i, j). The XPS S 2p and
P 2p spectra collected at the Li-Al/LPSCI interface main-
tain consistency with the characteristic peaks of the pristine
LPSCI, while new peaks representing the reduced products
of Li,S and Li;P can be detected at the Li/LPSCI interface.
The above discoveries demonstrate that the pre-lithiated Al
anode has better interfacial compatibility with LPSCI com-
pared to Li anode. In addition, the postmortem characteri-
zations were also conducted by SEM (Fig. 3k). Compared
with the pristine state, neither dendrites nor pulverization
is observed on the pre-lithiated Al anode, while obvious Li
dendrites appeared on Li anode after cycling 150 h.

3.3 Interfacial Stability Between NCM811 and LPSCI

The electrochemical window of LPSCI is limited, ren-
dering it prone to interfacial incompatibility when paired
with high-voltage oxide cathodes that operate above 4.2 V
versus Li/Li* [16]. To mitigate this issue, coating CAMs
with a stabilizing layer has emerged as a viable strategy
to enhance interfacial stability with the electrolyte [17].
However, technical hurdles and the imperative to ensure
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sufficient electronic conductivity within the active material
during charge and discharge often result in incomplete sur-
face coatings on CAM particles. Consequently, interfacial
side reactions can still be triggered between these partially
coated CAM particles and the electrolyte.

To overcome the interfacial incompatibility between
high-nickel CAMs and LPSCI electrolyte, we employed a
dual-reinforcement approach, wherein concurrent modifica-
tions to both the CAMs and electrolyte were implemented
to synergistically enhance their interfacial stability. Lithium
niobate (LiNbO;), known for its good ionic conductivity
and electrical insulating properties [17], was applied as a
protective coating on NCM811. Characterization (Fig. S8)
confirmed the successful synthesis of an amorphous LiNbO;
layer, approximately 3.2 nm thick, on the NCM811 surface
(denoted as LINbO; @NCMS811). Furthermore, to improve
the oxidative stability of LPSCI at high potentials and to mit-
igate side reactions between any uncoated areas of NCM811
particles and the LPSCI electrolyte, lithium difluoro(oxalate)
borate (LiDFOB) was incorporated as a functional additive
into the LPSCI electrolyte. The synthesis procedure is illus-
trated in Fig. S9, and the resulting electrolyte is referred to
as LiDFOB@LPSCI.

To ascertain the optimal concentration of the LIDFOB
additive, we investigated the ionic conductivity of LiD-
FOB @LPSCI electrolytes and evaluated the cycling stabil-
ity of batteries assembled with varying amounts of LiD-
FOB. As depicted in Fig. S10a, b, the ionic conductivity of
LiDFOB @LPSCI demonstrated a consistent decline with
increasing LiIDFOB content. Concerning the cycling stabil-
ity of the batteries (Fig. S10c, d), the most favorable electro-
chemical performance was observed when the mass fraction
of LiDFOB reached 1 wt%. This phenomenon can be attrib-
uted to the fact that an insufficient quantity of LIDFOB may
not adequately form a protective layer on the LPSCI surface,
whereas an excessive amount of LiDFOB can significantly
diminish Li* conductivity, resulting in pronounced polariza-
tion effects.

Cryo-transmission electron microscopy (cryo-TEM)
was used to investigate the LIDFOB @LPSCI electrolyte
(Fig. 4a). The corresponding EDS mappings (Fig. 4b—f) and
linear scans (Fig. 4g) reveal an additional layer, 15-25 nm
thick, on the LPSCI surface. XPS tests were conducted to
determine the specific composition of the coating layer. As
shown in Fig. S11, the results indicate that the surface layer
of LPSCI consists of inorganic (LiF, LiXPOsz, and LiBO,)
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150 h

and organic (B-C) components. CV measurements were
taken on LiDFOB @LPSCI to demonstrate that LIDFOB
addition enhances the stability of LPSCI under high-poten-
tial conditions. No significant peaks were observed during

© The authors

cathodic and anodic scans (Fig. S12), indicating that the
oxidation tolerance of LPSCI was effectively promoted.

To validate the enhanced stability of nickel-rich cathodes
via concurrent modification of NCM811 and LPSCI, we

https://doi.org/10.1007/s40820-025-01751-y
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fabricated an ASSLB comprising a dual-reinforced cathode,
wherein LINbO;@NCMS811 served as the active material
and LiDFOB @LPSCI acted as the electrolyte, paired with
a Liln anode (denoted as D-cathode/Liln). For comparative
purposes, a reference ASSLB was also assembled, featuring
a mono-modified cathode with LINbO;@NCMS811 as the
active material and pristine LPSCI as the electrolyte, paired
with a Liln anode (denoted as M-cathode/Liln).

The electrochemical performances of the D-cathode/Liln
and M-cathode/Liln batteries were evaluated at various cur-
rent densities. As displayed in Fig. 4h, the D-cathode/Liln
battery delivered reversible capacities of 191.2, 185.3, 172.5,
158.8, and 134.3 mAh g~' at 0.1C, 0.2C, 0.5C, 1C, and 2C,
respectively. The capacity recovered to 191.8 mAh g~! when
the current density was restored to 0.1C. Under the same
conditions, the M-cathode/Liln battery delivered lower
reversible capacities of 187.0, 173.2, 151.7, 125.9, and
82.8 mAh g~!. The corresponding charge/discharge curves at
different rates are shown in Figs. 4i and S13. The D-cathode/
Liln battery exhibited better reversibility and lower voltage
polarization than the M-cathode/Liln, indicating improved
interfacial compatibility between NCM811 and LPSCI.

The cycling properties of the D-cathode/Liln and M-cath-
ode/Liln batteries are illustrated in Fig. 4j. The D-cathode/
Liln battery delivered an initial reversible specific capacity
of 192.2 mAh g~! with a decent initial coulombic efficiency
(ICE) of 84.8%. At a higher current density of 0.5C, the bat-
tery achieved a reversible specific capacity of 172.6 mAh g™!
and operated steadily for over 500 cycles with an excellent
capacity retention of 94.5%. In comparison, the M-cathode/
Liln battery exhibited a lower ICE of 82.8% and a capac-
ity retention of 68.2% after 500 cycles. The charge/discharge
curves of the D-cathode/Liln and M-cathode/Liln batteries
at different cycles are displayed in Figs. 4k and S14. The
well-overlapped curves of the D-cathode/Liln battery imply
excellent cycling stability. Additionally, the differential capac-
ity (dQ/dV) analysis of the D-cathode/Liln battery (inset in
Fig. 4k) shows that the intensity of the dQ/dV peaks did not
decrease or shift significantly even after 500 cycles, which
indicates that the internal structure of the electrode was well
preserved. The electrochemical performance of the D-cathode
was carefully compared with other similar cathodes reported
previously (Fig. 41), demonstrating its great competitiveness
in terms of reversible capacity and cycling stability [18-30].

To elucidate the mechanisms underlying the improved bat-
tery performance achieved through the dual-reinforcement

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

strategy, the impedance evolution of the M-cathode/Liln and
D-cathode/Liln batteries was analyzed. As shown in Fig.
S15a, the initial interfacial impedances of the M-cathode/
Liln and D-cathode/Liln batteries were 25.9 and 54.5 Q,
respectively. The higher initial impedance of the D-cath-
ode/Liln cell can be attributed to the additional protective
layer on LPSCI. However, the interfacial impedance of the
M-cathode/Liln battery increased substantially to 358.7 Q
after 100 cycles, whereas the D-cathode/Liln battery exhib-
ited a considerably lower impedance of 129.9 Q (Fig. S15b).
To further investigate the compositional changes within the
cathodes, Raman spectroscopy and XPS analyses were per-
formed. As depicted in Fig. 5a, c, a distinct oxidation prod-
uct of sulfur (S) was detected in the M-cathode after 100
cycles, indicating severe decomposition of LPSCI. In con-
trast, the Raman and XPS spectra of the D-cathode remained
nearly unchanged (Fig. 5b, d).

Furthermore, time-of-flight secondary-ion mass spectrom-
etry (ToF-SIMS) was employed to investigate the surface-
to-bulk composition distribution in the cycled cathodes. As
shown in Fig. S16, with increasing sputtering time, the con-
tent of the LiF~ and SO~ ionic fragments (characteristic of
LiF and S, respectively) decreased and reached equilibrium
after 800 s of sputtering in both M-cathode and D-cathode.
The corresponding three-dimensional reconstructed spatial
distributions of each component are presented in Fig. Se, f,
where the intensity of the red color represents the concentra-
tion of the ionic fragments. In the M-cathode, the LiF~ sig-
nal was nearly absent, while a high concentration of the
SO~ component was observed, pointing to severe decompo-
sition of the LPSCl electrolyte [31]. In contrast, the D-cath-
ode exhibited a detectable LiF~ signal from the surface layer
of LPSCI, and the signal intensity of the SO~ fragment was
weak, which demonstrates that the stability of LPSCI was
effectively improved after modification.

Cross-sectional focused ion beam (FIB)-SEM characteri-
zations were conducted to visualize the structural variations
in the cathodes of the M-cathode/Liln and D-cathode/Liln
batteries. As shown in Fig. 5g-j, obvious cracks appeared
in NCMS811 particles of the M-cathode after 100 cycles,
which suggests that severe stress concentrations occurred
in the M-cathode after cycling. In stark contrast, the cycled
D-cathode remained superior structural integrity without
cracks or pulverizations. Atomic force microscopy tests
were performed on the LPSCI and LiDFOB @LPSCI elec-
trolytes to understand their surface properties. As displayed
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in Figs. 5k, 1, and S17, the bare LPSCI, ball-milled LPSCI
and LiDFOB @LPSCI exhibited average Young’s modulus
of 15.7, 17, and 9.7 GPa, respectively. The lower Young’s
modulus of LIDFOB @LPSCI than those of the bare LPSC1
and ball-milled LPSCI electrolytes could be attributed to
the good flexibility of the C-B organic component formed
on LPSCI, which provided better buffering functions and
alleviated the stresses generated inside the electrodes.

© The authors

3.4 Electrochemical Performances
of the All-Solid-State Li-Al/D-Cathode Battery

After achieving excellent reversibility of the negative and
positive electrodes and superior interfacial compatibility
with the sulfide electrolyte, a promising type of ASSLB
with different battery configuration was further fabricated,
comprising the pre-lithiated Al anode, dual-reinforced
NCMS8I11 cathode, and LPSCI electrolyte, denoted as Li-
Al/D-cathode. The long-term cycling stability of the Li-
Al/D-cathode battery was evaluated. As shown in Fig. 6a,

https://doi.org/10.1007/s40820-025-01751-y
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b, the Li-Al/D-cathode battery with a N/P ratio of 4.0 pre-
sented an initial reversible capacity of 185.0 mAh g=! at
0.1C and operated steadily for more than 1000 cycles at 0.2C
with an excellent capacity retention of 82.2%. Rate perfor-
mance of the Li-Al/D-cathode battery was also explored
and displayed in Figs. 6¢ and S18. At current densities
of 0.1C, 0.2C, 0.5C and 1C, the Li-Al/D-cathode battery

SHANGHAI JIAO TONG UNIVERSITY PRESS

delivered reversible capacities of 185.0, 177.7, 160.0, and
131.7mAh g~
The performance of the Li-Al/D-cathode battery was

!, respectively.

evaluated under stringent conditions to assess its durability
for practical applications. Given that cathode areal capacity
is a key factor influencing overall battery energy density,
the N/P ratio of the Li-Al/D-cathode battery was reduced
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to 2.0 by increasing the cathode loading. As shown in Fig.
S19, the battery delivered an initial reversible specific capac-
ity of 182.2 mAh g~! at 0.1C, with an impressive capacity
retention of 88.1% after 200 cycles. Furthermore, the Li-
Al/D-cathode battery with a critical N/P ratio of 1.1 was

© The authors

developed, increasing the areal capacity of the NCMS811
cathode to 3.5 mAh cm™. The battery exhibited a revers-
ible capacity of 187.5 mAh g~! at 0.1C, corresponding to an
energy density of 375 Wh kg™! (calculated based on the total
mass of the positive and negative electrodes). Even after

https://doi.org/10.1007/s40820-025-01751-y
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more than 100 cycles, it maintained a high energy density
of 322 Wh kg~! with a capacity retention of 85.9% (Fig. 6d,
e). Post-cycling SEM analysis of the anode—electrolyte cross
section revealed that the pre-lithiated Al anode maintained
intimate contact with the LPSCI electrolyte after 100 cycles,
demonstrating excellent interfacial stability (Fig. 6f).

The electrochemical performance of the Li-Al/D-cathode
battery (N/P=1.1) was also evaluated across a wide tem-
perature range. As shown in Fig. S20, the battery delivered
reversible specific capacities of 220.6, 190.7, 168.8, and
114.9 mAh g_' at 50, 30, 0, and —20 °C, respectively. Nota-
bly, when the temperature was restored to 50 °C, the capac-
ity recovered to 189.3 mAh g~!. The corresponding charge/
discharge profiles of the Li-Al/D-cathode battery at different
temperatures are presented in Fig. 6g. Even at —20 °C, the
battery retained 60.3% of its reversible capacity measured at
30 °C, despite increased polarization at lower temperatures
(Fig. 6h), demonstrating its excellent reversibility. Addi-
tionally, an Li-Al/D-cathode pouch cell was fabricated. As
depicted in Fig. 6i, the battery successfully powered an LED
light with the “NJU” pattern, and the LED light remained
fully operational even when the battery was cut open in the air.

4 Conclusions

In summary, a promising type of ASSLB with high specific
energy and long cycle stability was successfully constructed
using high-capacity pre-lithiated Al anode, high-voltage
NCMS811 cathode, and LPSCI electrolyte. To provide
guidance for the practical application of LPSCI, we firstly
explored the ESW of LPSCI under operating conditions and
determined the reduction (0.11 V vs. Li/Li*) and oxidation
(<2.5 V vs. Li/Li*) limit of LPSCI, respectively. Then, we
demonstrated that Al can enable a commercial capacity of
4.6 mAh cm™ while retaining a stable working potential of
0.33 V versus Li/Li*. To address the issues of poor revers-
ibility of Al, anode pre-lithiation technique was adopted.
The fabricated pre-lithiated Al anode shows superior inter-
face stability with LPSCI, as verified by the steady operation
of the Li-Al/LPSCI/Li-Al symmetric cell for over 1200 h at
0.2 mA cm~2. In addition, to resolve the interfacial insta-
bility between the CAMs and LPSCI, a dual-reinforcement
technology was employed, where NCM811 and LPSCI parti-
cles in the composite cathode were simultaneously protected
with LiNbO; and LiDFOB, respectively. The assembled

| SHANGHAI JIAO TONG UNIVERSITY PRESS

ASSLB composed of the dual-reinforced NCMS811 cath-
ode and Liln anode (half-cell configuration) exhibits a high
reversible capacity of 192.2 mAh g~! with improved ICE of
84.8% at 0.1C, and achieved an excellent capacity retention
of 94.5% at 0.5C after 500 cycles. Furthermore, the ASSL.B
composed of the pre-lithiated Al anode and dual-reinforced
NCMS8I11 cathode (full-cell configuration) was fabricated,
which could operate steadily for more than 1000 cycles at
0.2C with a superb capacity retention of 82.2%. At a critical
N/P ratio of 1.1, the battery achieved a reversible energy
density of 375 Wh kg~! with a retention of 85.9% after 100
cycles. Over a wide temperature range from — 20 to 50 °C,
good reversibility and stability of the battery could still be
attained. This work provides a promising anode selection for
developing reliable ASSLBs with high energy and stabil-
ity. Meanwhile, unlike many reports in the literature where
two different electrolytes are required to guarantee cath-
ode—electrolyte and anode—electrolyte interface stability, this
work addressed the instability issues between the electrode
materials and sulfide electrolyte, and realized stable elec-
trochemical performances of all-solid-state battery by using
one single electrolyte. In addition, considering the moderate
potential, abundant reserves, and easy processability of Al,
we also believe that the pre-lithiated Al anode combined
with high-nickel cathode has great potential to realize an
ASSLB with high safety and low cost, thus contributing to
opening a new avenue for the practical ASSLBs.
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