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LiNipgCog15Alg050, (NCA) is a promising cathode for sulfide-based solid-state lithium batteries (ASSLBs)
profiting from its high specific capacity and voltage plateau, which yielding high energy density. How-
ever, the inferior interfacial stability between the bare NCA and sulfides limits its electrochemical per-
formance. Hereien, the dual-electrolyte layer is proposed to mitigate this effect and enhance the battery
performances of NCA-based ASSLIBs. The Li3InClg wih high conductivity and excellent electrochemcial
stability act both as an ion additives to promote Li-ion diffusion across the interface in the cathode and
as a buffer layer between the cathode layer and the solid electrolyte layer to avoid side reactions and
improve the interface stability. The corresponding battery exhibits high discharge capacities and superior
cyclabilities at both room and elevated temperatures. It exhibits discharge performance of 237.04 and
216.07 mAh/g at 0.1 and 0.5 C, respectively, when cycled at 60 °C, and sustains 95.9% of the capacity after
100 cycles at 0.5 C. The work demonstrates a simple strategy to ensure the superior performances of NCA

in sulfide-based ASSLBs.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The electrification of transportation and large-scale energy stor-
age has led to increased demands for lithium-ion batteries with
improved safety, energy density, and cycle life [1,2]. However, tra-
ditional lithium-ion batteries using organic electrolytes present
safety concerns and have nearly reached their energy density lim-
its [3,4]. Solid-state batteries, which offer higher safety and en-
ergy density, are expected to fundamentally address these issues
[5-9]. The electrochemical performance of ASSLB is bound up with
the solid electrolyte, electrode, and interface properties between
them. Among the developed solid electrolytes, sulfide electrolytes
have good prospects as solid electrolyte candidates due to their
high lithium ion conductivity, low interfacial resistance, and low
Young’s modulus [10,11]. In particular, our previous work found
that halogen-enriched argyrodite solid electrolytes have high ion
conductivity, which is comparable to the conductivity of current
liquid electrolytes (10~2 S/cm) [12-14]. LiNiggC0g15Alp0505 (NCA)
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has the advantages of high reversible capacity, low cost, low tox-
icity, and is considered one of the most promising lithium-ion
battery cathode materials [15,16]. However, the interface insta-
bility between oxide cathodes and sulfide electrolytes has long
been a frustrating problem, resulting in poor rate and cycling per-
formance of oxide cathodes, especially for Ni-rich layered oxide
LiNixCoyMn/Al;_y.,0, (x> 0.8) [17].

Considerable efforts have been made to ameliorate the interface
stability between oxide cathodes and sulfide electrolytes. A widely
adopted and effective approach is to modify the surface of oxide
cathode materials by coating them with a stable oxide layer, re-
ferred to as the buffer layer. This thin layer acts as a barrier be-
tween the oxide cathode and the sulfide electrolyte particles, pre-
venting undesirable interfacial reactions. Lithium-containing buffer
layers, such as Lle03 [15,18-20], Li4Ti5012 [21,22], Li22r03 [23,24]
and Li,SiO3 [25,26], have been extensively used to stabilize the in-
terface and reduce interfacial resistance for their superior interfa-
cial lithium ion diffusion, lower resistance, and negligible capac-
ity contribution. However, the choice of coating material, thickness,
and shape can significantly affect battery performance. The coating
of the buffer layer typically involves complex techniques such as
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Fig. 1. (a) XRD refinement of the LissPS,5Cly5 electrolyte. (b) The impedance spectra and (c) the corresponding Arrhenius plots of Lis 5PS45Clys based on ionic conductivities
measured at different temperatures. (d) The DC polarization plots of the Lis5sPS45Clys. (e) XRD refinement of the NCA cathode. (f) The changes in resistance over time of the
cathode mixture consisting of NCA@Cl;5 and (g) NCA@Li3InClg. Stainless steel (ST) was used as the blocking electrode during the measurement process.

electrochemical deposition, magnetron sputtering, and ALD/MLD,
which require specialized equipment and high costs. Our previ-
ous works have demonstrated the (electro)chemical stability of
LisInClg with bare LiNiggMng,C0g,0, [27]. The all-solid-state bat-
tery with LisinClg isolation layer between LiNiggMng,Cop,0, ac-
tive material and sulfide electrolyte showed excellent electrochem-
ical performance. However, the compatibility of Li3InClg with high-
capacity Ni-rich layered oxide LiNixCoyMn/Al; ;0 (x>0.8) has
been little investigated, so we introduced LizInClg between NCA
and Li5'5PS4.5Cl].5.

In this study, we added the pure Li3InClg electrolytes both in
the cathode mixture and as a separate layer between the cathode
layer and solid electrolyte layer to isolate the direct contact be-
tween the bare NCA and Lis 5PS,5Cl; 5 electrolytes, LizInClg acts as
an ion additives to promote Li-ion conductivity and avoid the space
charge effect in the cathode mixture. Moreover, the introduced
layer can ensure the totally isolation between these two materi-
als. The electrochemcial performances of ASSLBs with and without
this dual-electrolyte layer are also investigated and compared at
various charge/discharge current densities under different operat-
ing temperatures. The battery with dual-electrolyte layer configu-
ration exhibits superior electrochemical performances at different
test conditions. Multiple ex-situ characterization methods, such as
XRD, SEM, TEM and XPS are combined to unuravel the working
mechanism for this improvements.

The Cl-rich Lis5PS45Cl;5 were chosen as solid electrolytes to
investigate the all-solid-state battery performance of NCA cathode
due to its ultrafast Li-ion conductivity compared to other sulfides
as reported in our previous research [19]. It was synthesized with
the typical mechanicalchemical route, which consisting of a high
rotation speed milling process followed by a sintering treatment
[28,29]. The chosen NCA cathode and the Lis5PS;5Cly5 were mea-
sured with powder XRD and refined using the Rietveld method.
All the reflections are indexed well to the argyrodite Li;PSg struc-
ture with excellent refinement, indicating that the pure target
argyrodite-structure Lis 5PS45Clq 5 electrolyte has been successfully
synthesized in this work (Fig. 1a). Detailed refinement parameters
are list in Table S1 (Supporting information). The existence of an-
ion disorder in the structure predicts a high ionic conductivity [30].
The AC impedance results show that the total resistance of the

stainess steel/Lis 5PS45Cly 5/stainess steel decrease with increasing
operating temperatures, indicating the prepared material is a typi-
cal inorganic ion conductor. The Li-ion conductivy of 7.43 mS/cm is
deduced from the room temperature resistance result for the ob-
tained Lis5PS45Cly5 electrolyte (Fig. 1b). Based on the Arrhenius
behavior, the temperature-dependent Li-ion conductivities yields a
low activation energy of 0.26 eV (Fig. 1c). Moreover, the electronic
conductivity of Lis5PS45Cly5 was measured using the DC polariza-
tion method. It demonstrates an extremely low electronic conduc-
tivity (2.1 x 1072 S/cm). The prepared Lis 5PS,5Cl; 5 with high ionic
conductivity and ultra low electronic conductivity suggests excel-
lent characteristics as solid electrolyte for ASSLBs.

The NCA materials with high voltage plateau and large
charge/discharge capacities possess great potential as cathode for
lithium batteries to achieve high energy density. In Fig. le, the
diffraction peaks of the NCA used in this work are well indexed
with the layered structure. The space group is R-3m [31-33]. The
detailed XRD refinement parameters of the NCA are shown in Table
S2 (Supporting information). The corresponding lattice constants a
and c are 2.86586 A and 14.18720 A, respectively, and the Li/Ni dis-
order in the structure is only 0.06%. This low cation disorder indi-
cates that this NCA is a super layered cathode for lithium batteries
[34]. Previous research has shown that sulfide solid electrolytes ex-
hibit poor stability with transiation metal-containing layered struc-
ture cathode materials [35]. To investigate the chemical stability
between the bare NCA and LissPS45Clys electrolyte, the evolu-
tion of resistance as a function of the storage durations for the
assembled ST/NCA-LissPS,5Cly5/ST cell are performed. As shown
in Fig. 1f, this cell exhibits large resistance during the whole test
process, especially for the NCA and Lis5PS45Cly5 electrolytes in-
terfacial section. Moreover, a clear increase of the interfacial re-
sistance is observed with increasing storage durations, suggesting
the intrinsically chemical instability between those two materials.
To mitigate the side reaction, Li3InClg electrolyte with high chem-
ical/electrochemcial stability with layered cathode materials was
synthesized and chosen to replace the Lis5PS,5Cly5 electrolyte in
the mixture. The XRD patterns and detailed refinement parameters
of the Li3InClg are shown in Fig. S1 and Table S3 (Supporting in-
formation). In contrast, much smaller total resistance is detected
for the new ST/NCA-Li3InClg/ST cell and minor variations of the
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Fig. 2. Electrochemical performances of the assembled NCA/Cl;s/Li-In, and NCA/LIC/Cl;5/Li-In all-solid-state batteries. (a) The rate capability test result comparison of the
above solid-state batteries. (b) The initial charge/discharge curves and (c) the corresponding cycling performances of the above batteries cycled at 0.2 C at room temperature.
(d) The initial charge/discharge curves and (e) the corresponding cycling performances of the above batteries cycled at 0.5 C at 60 °C. (f) The impedance spectra of the above

solid-state batteries after 100 cycles at 0.5 C at 60 °C.

resistance values are observed during the storage test in Fig. 1g,
indicating that the prepared Li3InClg electrolyte displays excellent
chemical stability with the bare NCA cathde. This implies that the
it can act as solid electrolytes in the composite cathode for NCA-
based ALLSBs.

To evoluate the charge-discharge performance, two kinds of
battery configurations of LiNiggCog15Algg50;/Lis5PS45Cly5/Li-
In (NCA/CI]5/L1—IH) and LiNi0'8C00.15A10.0502—
Li3[HCIG/Li3]HCIG/Li545PS4A5C11_5/Li-lrl (NCA/L]C/CI]s/Ll-ID) were
constructed. Firstly, rate capability of the above two configura-
tion batteries were investigated at RT. As shown in Fig. 2a, the
NCA/Cl;5/Li-In battery shows poor discharge performances at
various C-rates. Specifically, it delivers discharge capacities of
148.5 mAh/g at 0.1 C, 110.7 mAh/g at 0.2 C, 62.8mA/g at 0.5C,
26.1 mAh/g at 1 C and 3.2 mAh/g at 1.5 C, respectively, and
shows a discharge capacity value of 127.8 mAh/g when the rate
recovers to 0.1 C. Due to the interfacial instability between bare
NCA and the Lis5PS45Clys, this battery displays low discharge
capacities and even does not work at high C-rate, which agrees
well with the published papers using sulfide electrolytes and
bare NCA cathode [36-38]. In comparsion, the NCA/LIC/Cl;5/Li-In
battery demonstrates better discharge performance than that of
the NCA/Clys/Li-In battery at these C-rates under the same test
conditions. It presents discharge capacities of 189.8, 171.7, 120.6,
72.7 and 34.4 mAh/g at 0.1, 0.2, 0.5, 1.0 and 1.5 C, respectively,
and then recovers to 189.6 mAh/g when the C-rate lowers to 0.1
C. Further long-term cycling performances at different C-rates
were also investigated. Both batteries were first cycled at 0.2 C
between 3.0V and 4.3V (vs. Lit/Li®) under RT. As exhibited in
Fig. 2b, the NCA/Cl5/Li-In cell displays slowly increase of voltage
since the beginning till 3.0V (vs. Li-In), suggesting severe space
charge effect occurs between bare NCA and Lis5PS45Clis in the
composite cathode. Relatively speaking, the charge voltage of
the NCA/LIC/Clys/Li-In battery reaches the same voltage directly,
indicating that the LisInClg electrolyte can mitigate the space
charge effect between bare NCA and Lis5PS45Cly5 [35,39]. During
the following initial discharge process, the former battery displays
much lower discharge voltage plateau, while the latter batter with
LisInClg electrolyte exhibits higher discharge voltage plateau. The
lowered discharge voltage plateau implies the loss of active Ni2*
in the cathode due to the side reaction between bare NCA and
sulfide. For the cycling performance in Fig. 2¢c, the NCA/Cl;5/Li-In
battery deliver an initial discharge capacity of 133.2 mAh/g at 0.2
C with a coulombic efficiency of 56.8%, and maintains a discharge
capacity of 88.0 mAh/g with a capacity retention of 66.1% after
100 cycles. The low discharge capacities and poor cyclability are

associated with the large interfacial resistances caused by the
side reactions and space charge effect between bare NCA and
Lis 5PS45Cly5 [17]. In comparison, the NCA/LIC/Cl;s/Li-In battery
delivers much higher discharge capacity of 1759 mAh/g and
coulombic efficiency of 81.7%, and sustains excellent cyclability
with minor discharge capacity variations after 100 cycles (Fig. 2c).
When the charge/discharge C-rate rises to 0.5 C, the NCA/Cl; 5/Li-
In battery demonstrates similar charge/discharge curves during
the 15t cycle in Fig. S2a (Supporting information). It delivers a
discharge capacity of 64.7 mAh/g at 0.5 C and only maintains a
discharge capapcity of 40.2 mAh/g after 98 cycles. In contrast,
the NCA/LIC/Cl; 5/Li-In battery shows a discharge capacity of 104.3
mAh/g and retains 92.2% of this value after 98 cycles. The bare
NCA with LisInClg electrolyte exhibits much higher discharge
capacities and superior cyclability at both 0.2 C and 0.5 C (Fig. S2c
in Supporting information).

Furthermore, the battery performances at elevated temperature
(60 °C) was also investigated. As demonstrated in Fig. 2d, the
NCA/Cl; 5/Li-In battery also suffers side reactions and space charge
effect at 60 °C when cycled at 0.5 C based on the corresponding
charge/discharge curves, while the LisInClg in the NCA/LIC/Cl 5 /Li-
In battery can effective avoid these influences. At a higher oper-
ating temperature, both batteries exhibit much higher initial dis-
charge capacity and coulombic efficiency than that at room tem-
perature due to the activation of NCA cathode in the battery. Dur-
ing the first two cycles at 0.1 C, the former battery delivers a dis-
charge capacity of 200.0 mAh/g for the 1t cycle, while the lat-
ter battery with LizInClg electrolyte shows a higher discharge ca-
pacity of 237.04 mAh/g. For the subsequent cycling test at 0.5 C,
discharge capacities of the NCA/Cl;5/Li-In battery decaies rapidly
with a capacity retention of 34.75% after 98 cycles, while the other
NCA/LIC/Cly 5/Li-In battery shows a strating discharge capacity of
216.1 mAh/g and sustains a discharge capacity of 207.27 mAh/g
with a much higher capacity retention of 95.92% (Fig. 2e). Ta-
ble S4 (Supporting information) compares the battery properties
with the other representative sulfide-based solid-state lithium bat-
teries of NSCA cathode. The battery in this work exhibits supe-
rior electrochemical performance. After 98 cycles at 0.5 C, the
NCA/LIC/Cl; 5/Li-In battery displays a much smaller resistance than
that of the NCA/Cl;5/Li-In battery (over 12,000 €2) in Fig. 2f, which
vertifies our above analysis. The total resistance of NCA/Cl;5/Li-In
battery after 98 cycles at 60°C is almost 10 times higher than
that at room temperature, suggesting that the elevated operat-
ing temperature accelerate side reactions between bare NCA and
Li5 5sPS45Cly 5, which in turn largrly increase the resistance for the
battery during cycling, leading to a sharp deterioration of discharge
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Fig. 3. XPS spectra of the cathode mixture before and after cycling for (a) the assembled NCA/Cl;s/Li-In and (b) NCA/LIC/Cl;5/Li-In solid-state lithium batteries at 0.5 C at
different temperature. The XRD refinements of the cycled cathode mixture for (c) the assembled NCA/Cl;s/Li-In and (d) NCA/LIC/Clys/Li-In solid-state lithium batteries at 0.5

C at 60 °C.

capacities in Fig. 2e. While for the NCA/LIC/Cl;s/Li-In battery, it
shows much smaller total battery resistances under both tempera-
tures. Additionally, it demonstrates smaller resistance at 60 °C than
that at room temperature (848.4 2 vs. 922.5 Q). During long cycles
at both temperatures, the LisInClg electrolyte in the configuration
act both as Li-ions conducting additive in the composite cathode
and as isolation layer between the NCA and Lis 5PS45Cl; 5, resulting
in superior electrochemcial performances. The faster Li-ion mobil-
ities of different Li-containg materials at elevated temperature in
the battery configuration including the solid electrolytes and active
materials also provide higher capacities. On the other hand, the in-
herent incompatibility between Lis5PS45Cly5 and pristine NCA in
the cathode is also accelerated, yielding fast capacity loss and in-
tense electrochemical polarizations at higher temperatures.

The dQ/dV curves of those chosen cycles (15t, 25th, 50th 75th
and 100t™) for the NCA/Cly5/Li-In and NCA/LIC/Cl;5/Li-In batteries
at 0.5 C at 60°C were also performed to further unuravel the struc-
tural variations. The dQ/dV curves reflect the characteristic redox
peaks associated with the multiple phase transitions that occur-
ing during the lithiation and delithiation processes. As shown in
Fig. S3 (Supporting information), both the assembled NCA/Cl; 5/Li-
In and NCA/LIC/Cl;s/Li-In batteries show four distinct oxidation
peaks in the first cycle, indicating that all cathodes undergo a
series of phase transitions (H1-M-H2-H3) [40]. During 100 cy-
cles, the voltage difference between the oxidation/reduction dQ/dV
peaks increases with increasing cycle number for the NCA/Cl 5/Li-
In battery. Additionally, in subsequent cycles at 60°C, the oxida-
tion/reduction peaks in the dQ/dV curves become wider and less
intense, indicating the deteriorating reversibility of lithiation. In
contrast, the dQ/dV curve of the NCA/LIC/Cl;5/Li-In battery shows
a larger peak area in the first cycle and a higher initial specific ca-
pacity. After 100 cycles, the shift of the oxidation/reduction peaks
is small, indicating good reversibility of lithium ions after long-
term charge/discharge cycling. This result is consistent with the
good cycle performance shown in Fig. 2e.

Multiple characterization methods have been combined to per-
form on the cycled electrode mixtures of the NCA/Cl;5/Li-In and
NCA/LIC/Cl; 5/Li-In batteries at different operating temperatures to
reveal the working mechanism. Firstly, the phase and valence
states changes of the cathode layer were investigated before and

after cycling with XPS. As illustrated in Fig. 3a, two distinct com-
ponents can be seen in the S 2p and P 2p signals of the pris-
tine NCA@Li55PS45Clys that are split by the spin-orbit coupling
effect. After cycling, the cycled cathode undergoes chemcial reac-
tions, resulting in the oxidized species such as S042~, SO32-, bridg-
ing S, PO43~ and P,Ss derived from the Lis5PS45Cly5 in the mix-
ture. The emergence of these compounds leads to the formation
of a high-resistance interfacial layer, which hinders Li*-ion diffu-
sion. In the S 2p spectra, the red peak at 161.7eV is indicative of
S atoms in the PS43~, while the orange peak at a higher binding
energy of 163.5eV corresponding to the bridging S [41]. Two other
weak peaks at 166.5eV and 168.8eV are also detected, belong to
the SO32~ and SO,4%-, respectively. For the P 2p spectra, the sig-
nature of argyrodite remains unaltered. Moreover, two additional P
2p peaks appeared at 132.6eV and 134.0eV are also observed in
the cycled electrode [42,43]. These two peaks are assigned to the
P atom in P,Ss and phosphate oxide due to the decomposition of
Li5 5sPS45Cly 5 electrolytes during cycling. Compared with these sig-
nals belonging to different elements for the cycled cathode at room
temperature, the relative intensities of different XPS peaks signif-
icantly increase for the cathode mixture cycled under 60°C, sug-
gesting that the side reactions are enhanced at elevated tempera-
tures (Fig. 3a). For the bare NCA cycled with Lis 5PS;5Cl;5 at room
temperature, strong XPS peak assigned to the PS,3~ structure is
observed in the P 2p spectra, suggesting a high proportion of this
PS,3~ in the mixture. In contrast, very weak XPS peak belonging
to the PS43~ structure in the cycled bare NCA with sulfide under
60°C. Moreover, huge amount of XPS singals of the side reaction
products are detected under this elevated temperature, which also
implies more intense side reaction. Based on these XPS analysis
results, the higher operating temperature promotes the occurrence
of side reactions. While the Cl 2p and In 3d spectra of the pris-
tine NCA@Li3InClg, the cycled NCA@Li3InClg at room and elevated
temperatures show minor changes in Fig. 3b. For the In 3d spec-
tra, XPS peaks at 446.2 eV and 453.8 eV due to the In 3ds; and In
3d3p, are observed. While for the Cl 2p spectra, these XPS peaks
at 199.6eV and 201.2eV assigned to the Cl 2p3, and Cl 2pyj, are
detected in the spectra, reflecting the In-Cl and/or Li-Cl bonds in
Li3InClg [44]. No other energy shifts are found both in the CI 2p
and In 3d spectra of these different mixtures, suggesting that no
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side reaction species exist on the surface. These above results con-
firm that the Li3InClg electrolyte is stable with the bare NCA during
the electrochemcial cycling processes both at room and elevated
temperatures. Furthermore, ex-situ XRD were operated on the cath-
ode mixture after cycling at 60 °C (Figs. 3¢ and d). XRD refinements
were conducted on the powder XRD results of cycled mixtures. The
relevant refinement lattice parameters are listed in Table S5 (Sup-
porting information). After 100 cycles, the lattice parameter a of
NCA in contact with Lis 5PS45Cly 5 directly was found to be smaller
than the original NCA (a=2.86586A), while the lattice parameter
¢ of the active material after cycling (c=14.31850A) was greater
than the original value (c=14.18720A). In addition, the Li/Ni mix-
ing degree also increased, to 2.3%. The changes in lattice constant
are due to the side reaction between the exposed NCA and the
unstable Lis 5PS45Cli5 during cycling, which leads to the obstruc-
tion of Li* migration dynamics at the end of discharge, and thus
the lattice structure of the NCA active material is destroyed. Sev-
eral diffraction peaks were found to match well with the PDF card
of NixSg, indicating that it is a byproduct. In contrast, the lattice
parameters of NCA in contact with LisInClg showed little change
compared to the original NCA lattice parameters, and the Li/Ni
mixing degree (only 1.5%) was also lower than that of the afore-
mentioned active material, which ensured the stability of the NCA
positive electrode structure and exhibited excellent electrochemi-
cal performance. Ultimately, SEM was applied to characterize the
surface morphology of the cycled cathode and the cross-sectional
morphology of the cycled samples. As shown in Fig. S4a (Support-
ing information), many obvious cracks and voids are observed on
the surface of cathode mixture of the NCA/Cl;s/Li-In battery af-
ter 100 cycles when operated at 60°C at 0.5 C. These cracks and
voids are ascribed to the volume changes of the NCA active ma-
terial caused by the Li-ion insertion/extraction process during cy-
cling. While for the cycled cathode mixture of the NCA/LIC/Cl; 5/Li-
In battery, minor cracks or voids can be detected on the surface,
suggesting smaller volume variations of the NCA with the LizInClg
electrolyte in the cathode. The distributions of different elements
on the surface of these two kinds of cycled cathode based on the
EDS mapping results also confirms the above conclusions. For the
morphology of the cross-sectional section, as depicted in Fig. S5
(Supporting information), many cracks and voids are detected at
the cross section of the cycled NCA/Cl;5, while much more dense
contact are observed for the cycled NCA/LIC/Cl;5 interfaces. This
also explains the superior electrochemcial performance of the as-
sembled NCA/LIC/Cl;5/Li-In battery at 60°C in Fig. 2e. In addition,
it can be seen from EDS mapping that Cl element is enriched at
the interface of NCA/Clys, indicating that the interfacial reaction
products formed by bare NCA and Lis 5PS45Cl; 5 contain Cl element,
may be LiCl. It is in good agreement with the analysis of previ-
ous reports [35]. For comparison, good contact are detected for the
cycled NCA/LIC/Cly5 interfaces based on the SEM image and EDS
mapping results (Fig. S5).

Finally, TEM was performed on the cathode mixture of
NCA/LIC/Cl; 5/Li-In battery after 100 cycles at elevated tempera-
ture to gain deeper insights into the superior battery performance.
As shown in Fig. 4, the intact NCA particles are observed in the
images of cycled cathode. Moreover, a uniform layer of amor-
phous substance with a thickness of 3nm is detected surround
the chosen NCA particle. EDX mapping results confirms that the
In-containing material is homogenous distributed over the chosen
particle. This phenomenon has never been observed in previous
studies. During the very beginning of the cycling test at elevated
temperature, Li3InClg electrolytes in the cathode mixture immedi-
ately react with the bare NCA cathode to creat an In-containing
amorphous substance, which can stabilize the interface between
the NCA and LisInClg in the following electrochemcial progress, re-
sultsing in effective Li-ion transport across the interface and de-
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Fig. 4. TEM images and EXD mapping of the cycled cathode mixture for the assem-
bled NCA/LIC/Cl;5/Li-In solid-state lithium batteries at 0.5 C at 60 °C.

livering superior cyclability with high discharge capacities. Sim-
ilarly, TEM was also conducted on the cycled cathode mixture
of NCA/Clys/Li-In cell at 60°C. EDX mapping results in Fig. S6
(Supporting information) show that Al element is detected in the
Lis 5PS45Cl 5 electrolyte side. In other words, the Al element in
NCA particles is diffused, which is associated with the side re-
action between these two materials. The discharge capacities de-
grades rapidly due to the intense side raction at higher tempera-
ture during the cycle, as the battery performance shown in Fig. 2e.
In summary, a new dual-electrolyte strategy was proposed to
enhance the electrochemical performances of ASSLB using the NCA
cathode and LissPS45Clys electrolyte in this work. The LisInClg
electrolyte act both as an ion additive facilitated Li-ion transport
over the interface and as a buffer layer to prevent spontaneous
reactions and electrochemical decomposition of the Lis5PS45Cl 5
during cycling, ultimately enhancing the interfacial stability. More-
over, the introduction of LisInClg electrolyte also can mitigate the
space charge effect on the assembled battery, leading to improved
electrochemical performances. As expected, the NCA/LIC/Cl;s/Li-
In battery exhibits high initial discharge performance of 237.04
mAh/g and 216.07 mAh/g at 0.1 C and 0.5 C when cycled at 60
°C, respectively. Moreover, it displays outstanding cycling perfor-
mance, with a capacity retention rate of 95.92% after 100 cycles at
0.5 C at 60°C. These findings demonstrate that the proposed dual-
electrolyte layer strategy effectively enhances electrochemcial per-
formance of NCA-based sulfide electrolyte solid-state batteries.
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