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The quest for sustainable and efficient energy storage solutions has led to significant advancements in
the field of solid-state batteries, with a particular focus on solid-state electrolytes (SSEs) especially highly
ionic conductive sulfide and halide materials. However, the air instability of these SSEs not only limits
their mass production but also poses environmental and safety risks. Herein, the damage of humid-air
exposure on the structure and electrochemical properties of Lis5PS45ClogBrg; and LisInClg is evaluated,
and a subsequent heat treatment is proposed and proven effective to recover the damage, whose mech-
anisms are pinpointed through XRD data with Retvield refinement. For the exposed samples, a lattice
contraction occurs as the hydrolysis reaction caused by H,0 from humid air severely damages the struc-
ture, which impedes lithium-ion transport. After heat treatment, a lattice rearrangement can rebuild suffi-
cient lithium-ion pathway in the material, leading to the greatly improved ionic conductivity. As a result,
the treated electrolytes provide greatly promoted ionic conductivity (from 0.95 mS/cm to 1.8 mS/cm for
Li3InClg, from 1.24 S/cm to 7.04 S/cm for LissPS45ClggBrg;). More importantly, ASSBs employed with the
treated electrolytes achieve outstanding long-term cycling and rate performance, even guarantee consid-
erable capacity output of ~217 and ~159 mAh/g under extreme conditions of 60 and -20 °C, illustrating
significantly improved electrochemical reaction kinetics and the impressive reliability of the heat treat-

ment method.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have made large revolution in the
3C electronic devices and electric vehicles market due to their di-
verse energy storage characteristics [1,2]. However, conventional
LIBs are criticized by the inherent flammability of organic liq-
uid electrolyte and energy limit of commercial electrode materials
[3,4]. In this regard, replacing commonly-used liquid electrolytes
with solid electrolytes to construct all-solid-state batteries (ASSBs)
is promising to address both the safety and energy density issues
in developing next-generation LIBs [5-7]. With significant progress
in recent years, sulfide-, halide- and oxide-based solid-state elec-
trolytes (SSEs) have been developed for next-generation ASSBs [8-
11]. Notably, sulfide electrolytes such as chloride-rich argyrodite
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delivers ultrahigh ionic conductivity, reaching the level of liquid
electrolytes [12-15]. However, one of the main hurdles is the hy-
drolysis reaction at the interface, as it is intrinsically instable in
ambient humidity, leading to the release of toxic H,S and thereby a
tremendous decrease in the ionic conductivity [16]. Unfortunately,
similar situations exist in halide solid electrolytes [17-19]. Halide
SSEs have also gained wide attention recently due to their sim-
ple synthesis, relatively high ionic conductivity, good oxidative sta-
bility with high-voltage electrodes, and soft texture for cold-press
procedure in battery assembly [10,20-22]. Nevertheless, the poor
humid-air stability largely increases their cost in application due
to the whole synthesis and subsequent storage procedures con-
ducted in argon atmosphere [23]. Therefore, it is worthwhile to
develop effective approaches in promoting the air-stability or low-
ering the processing complexity of SSEs without sacrificing their
electrochemical performance especially ionic conductivity.
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Scheme 1. Schematic illustration of the degradation of solid electrolytes after air
exposure (humidity of 30%) and corresponding heat treatment.

To address these air stability issues, researchers have developed
a variety of strategies. One approach involves the modification of
the SSEs’ structures through chemical or physical interactions to
enhance their resistance to air and moisture [24]. Another strategy
includes the development of new materials with improved air sta-
bility, such as hybrid electrolytes that combine the benefits of sul-
fide and halide SSEs [25-27]. Additionally, surface modifications or
elemental doping of electrolytes have been explored to mitigate in-
terface reactions and improve the compatibility between SSEs and
humid air [28-32]. The use of protective coatings and the creation
of interfacial passivation layers have also been employed to pre-
vent direct contact between the SSEs and the atmosphere, thereby
enhancing the overall stability and performance of the batteries
[33-35]. In general, these strategies have been proven effective on
promoting the air stability of SSEs to some extent, but their pro-
cedures are relatively complex or time/resource consuming with
high cost, and most of them do harm to the electrochemical per-
formance of the electrolyte especially ionic conductivity. What is
more, up till now, there still lacks systematic studies on the degra-
dation mechanism of these SSEs upon air exposure, which impedes
the development of ASSBs.

In this work, we identify the structural and electrochemical
changes of both sulfide and halide SSEs after air exposure (with
the relative humidity of open air controlled to approximately 30 %).
Thereafter, a subsequent annealing process at relatively low tem-
peratures (~300°C for halide and ~500°C for sulfide) under vac-
uum was applied to the exposed SSEs, and for the first time, we
discovered the phenomenon of recovery on their electrochemi-
cal/structural properties (Scheme 1). Our work seeks to investigate
(1) the degradation mechanism of prepared sulfide and halide SSEs
during air exposure and (2) chemical reactions occurring during
the recovery process. Specifically, halide electrolyte Li3InClg and
sulfide electrolyte LissPS45ClggBrg; were chosen as examples in
our study for their high ionic conductivity before air exposure.
Moreover, a prominent recovery of structure and electrochemical
properties was achieved in the exposed electrolytes since the hy-
drates formed after moisture exposure can be excluded via a facile
post-heating. More significantly, the reheated electrolytes can be
successfully applied in ASSBs with high initial discharge capacities
and outstanding cycling stability at high current rates, and consid-
erable capacity output under high (60°C) and low (-20°C) temper-
atures was performed as well.

First, the behavior of SSEs after air exposure was studied.
For instance, Lis5PS45ClggBrg; was first synthesized through ball-
milling method with a subsequent calcination. Thereafter, the as-
synthesized powder was pressed into a pellet with a diameter of
10 mm, as shown in Fig. 1. After an air exposure (relative humid-
ity of 30%) for 30 min, it can be clearly observed that the color of
Li5s 5PS45ClggBrg7 pellets changed from light grey to dark grey or
even black, suggesting the occurrence of significant chemical reac-
tions. Interestingly, however, when the pellets were subjected to
a heat treatment under argon atmosphere at different tempera-
tures including 350, 400, 450 and 500 °C, their color transformed
again into different states, which are all lighter than the exposed
one. With higher the temperature applied, the lighter the color be-
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Fig. 1. Digital photos of Lis5PS45ClogBro; SSE pellets at different states and after
heat treatment under different temperatures.

comes. The pellet treated at 500°C even changed to a white ap-
pearance.

To investigate the effect of this reheating treatment on other
SSEs, we took halide electrolyte LisInClg as an example (Fig. S1 in
Supporting information). Different from the LissPS45ClygBrg; SSE
pellets, after air exposure for 10 min, the pellets of Lis;InClg stayed
amost unchanged. When a reheating treatment under various tem-
peratures was applied, these pellets well retained their shape with
slight difference on the color. At 200°C, the pellet is in a white
color. At 300°C, the pellet becomes light grey, which is almost the
same as the pristine state. As the temperature increases, the color
became slightly darker, which was converse to the phenomenon
on Lis5PS,5ClggBrg7. We also conducted the same experiment on
Li3InClg in a powder form with longer exposure time. As shown in
Fig. S2 (Supporting information), after an exposure time of 30 min
and a heat treatment at 300°C, the LizInClg powder well main-
tained its white color, and its pellet kept a grey feature throughout
the procedure.

To further evaluate the effect of our heat treatment on the
above electrolytes, electrochemical tests were employed. Fig. 2a
shows the ionic conductivity of the Li3InClg pellets under differ-
ent states. Clearly, after air exposure, the ionic conductivity of the
pellet drops from the pristine value of 1.87 mS/cm to 0.95 mS/cm,
which means a considerable damage to the electrolyte’s electro-
chemical function. Upon heat treatment at 200°C, however, the
pellet experienced a remarkable increase on the ionic conductiv-
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Lis5PS45ClpgBro; pellets at different states. Activation energy of (b) LisInClg
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ity to 1.41 mS/cm. When the temperature rise to 300°C, the pel-
let nearly revived its pristine state, showing an ionic conductiv-
ity of 1.80 mS/cm. We further tested the pellets’ ionic conductiv-
ity after treatment under higher temperatures including 400 and
450°C, though the values could not exceed that at 300°C, they
are still at a relatively high level. The pellet was also exposed for
30min and treated under 300°C. As shown in Fig. S4a (Supporting
information), both the pellet and powder sample confront a dra-
matic decrease of ionic conductivity after 30 min’s air exposure,
but those values surge after the treatment (from 0.66 mS/cm to
1.56 mS/cm, and 0.13 mS/cm to 0.98 mS/cm, respectively). To in-
vestigate whether air exposure causes damage to SSEs, and because
the pellet sample offers better consistency in experimental condi-
tions (due to a more uniform air contact area) compared to the
powder sample, we selected the LIC pellet sample exposed to air
for 30 min for subsequent characterization and testing, denoted as
LIC-air.

The activation energy of the pellet was also analyzed (Fig. 2b),
which depicts that the SSE after heat treatment (at 300°C, de-
noted as LIC-air-300) exhibits an accelerated electrochemical ki-
netics by the reduced activation energy value (from 0.444eV to
0.331eV). Thereafter, the same testing procedure was conducted
on LissPS,5ClggBrg; SSE. Identically, the sulfide electrolyte expe-
rienced a similar trend: After air-exposure the ionic conductivity
of the material drops from 9.65 mS/cm to 1.24 mS/cm, and the
value rises after heat treatment. Under 500°C, impressively, the
electrolyte regains an ionic conductivity of 7.04 mS/cm (Fig. 2c).
Furthermore, the powder LPSCB samples suffer sharp reduction to
0.81 mS/cm after 30 min’s air exposure, but restore to 2.41 mS/cm
after following annealing process (Fig. S4b in Supporting infor-
mation) [36-38]. As shown in Fig. 2d, the activation energy of
the Lis5PS45ClggBrg; SSE also reduced significantly after the heat
treatment (from 0.345eV to 0.242eV). These results preliminarily
demonstrate the effectiveness of the reheat strategy on addressing
the air stability issues of SSEs. The influence of air and post-heat
treatment on the morphology was clarified. Fig. S3 (Supporting in-
formation) displays the scanning electron microscopy (SEM) im-
ages of pristine LizInClg, Lis5PS,5ClggBrg;. Additionally, the SEM
images show that the particles are evenly distributed across the
surface, with uniform size and no clustering or irregular aggrega-
tion.

X-ray diffraction (XRD) was then applied to reveal the struc-
tural evolution of the above SSEs under different states. For
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Lis 5PS45ClggBrg 7, after exposure to air for 30min (named as
LPSCB-air), the sample suffers from profound weakening of peak
intensity at 15.3°, 17.7°, 25.2°, 29.7°, 31.1°, 44.6°, 47.5° and 52.1°,
corresponding to the degradation of cubic argyrodite structure
(PDF #34-0688) with an F-43m space group (Fig. S5 in Support-
ing information) [39]. After the heat treatment at 350, 400, 450,
500°C (denoted as LPSCB-air-recovery), the peak intensity of the
argyrodite signals rerise, illustrating the partial structural recov-
ery of the sulfide electrolyte through subsequent heating. Besides,
there emerges several extra signals of Li3PO4 phase (PDF #15-
0760) at 29.0°, 33.5° and 48.4°, disclosing the formation of crys-
talline impurities upon sintering due to the participance of by-
products from H,O adsorption during air exposure. For LizInClg,
the XRD patterns demonstrate a slight weakening of peak inten-
sity after air-exposure (LIC-air), and a recovery can also be ob-
served through heating at different temperatures (Fig. S6 in Sup-
porting information). Heating at 300 °C restores the peak inten-
sity more effectively than at 200 °C. However, at 400 °C, an impu-
rity peak corresponding to InCl3 appears at 11.106°, which could
potentially impact the ionic conductivity of the electrolyte. No-
tably, LPSCB-air-500 exhibits a well-defined crystalline phase, in-
dicating that the argyrodite structure has been effectively restored.
At the same time, the Li3PO,4 signals are relatively prominent. For
Li3InClg, the XRD patterns demonstrate a slight weakening of peak
intensity after air-exposure (LIC-air), and a recovery can also be
observed through heating at 300°C (LIC-air-300, Fig. S6). All the
sample data were then processed with Rietveld refinement to fur-
ther track the structure evolution in an atomic level. As shown in
Figs. 3a-c and Tables S1-S3 (Supporting information), the lattice
parameter « of LIC-air shows marked decrease compared to that
of LIC-Pristine (from 6.408511A to 6.406925A), which can be as-
cribed to the local lattice collapse caused by the H,O adsorption
and hydrolysis [40,41]. In comparison, the lattice parameter « in-
creased to 6.40719 A, which is attributed to the removal of H,0
and lattice rearrangement in the LIC structure. Similar to the XRD
results, the XPS spectra of the Li3InClg electrolytes at pristine, air-
exposed and heat-treated samples (Fig. S7 in Supporting informa-
tion) are essentially identical, with the In 3ds, peak at 445.8 eV
and In 3d3, peak at 453.3 eV, resembling the reported values for
In3*+-Cl- species [14,28]. This recovery of sufficient lattice volume
contributes to the promoted ionic conductivity of LIC-air-300 [42].
As for LissPS45ClggBrg7, however, an expansion of lattice param-
eters can be observed after air exposure, which can be due to
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the formation of massive surface impurities (Figs. 3d and e, Ta-
bles S4-S6 in Supporting information) [43]. After heat treatment,
though Li3PO4 is formed in LPSCB-air-recovery, part of the impuri-
ties are excluded with a partial recovery of lattice volume, which
finally boosts the lithium ion transport in the electrolyte (Fig. 3f).
Fig. S8 (Supporting information) presents the P 2p region spec-
tra of Lis5PS45ClggBrg; electrolytes. LPSCB-pristine exhibits a P
2p signal at 132.0eV. In the case of LPSCB-air, oxysulfides (POxSy)
at 133.0eV form after exposure, resulting from the oxidation of
S?- during the air exposure. And the intensity also increases af-
ter 500°C heat treatment. Furthermore, P-O signal can also be ob-
served at 133.6eV in the LPSCB-air-500, indicating the formation
of Li3PO4 and confirming the above XRD results [44,45].

To evaluate the electrochemical performance of pris-
tine LIC and LPSCB, SSBs using the pristine electrolytes and
ZrO,@LiNig 9Cog g5Mng 950, were constructed and cycled in the
voltage range of 2.4-3.7V (vs. Li-In) at room temperature. As
depicted in Fig. S10 (Supporting information), the LPSCB-pristine
and LIC-pristine cells deliver excellent cyclability at 0.5 and 2.0
C, respectively. For the long-term cycling performance, the SSBs
using LPSCB-pristine shows high discharge capacities and capacity
retention of 93.0% during 200 cycles. Furthermore, LIC-pristine
shows the initial discharge capacity of 170.3 mAh/g at 2.0 C after
200 cycles (capacity retention of 97.1%). Based on the results,
LPSCB-pristine and LIC-pristine exhibit excellent stability towards
ZTOZ@LiNiO'gC00.05MH0.0502.

The electrochemical performance of the prepared electrolytes
was then assessed by assembling ASSBs with ZrO,-coated
LiNiggMng g5Cog 950, as the cathode and Li-In alloy as the anode.
Lis 5PS45ClggBrg; was first utilized as the electrolyte in full cell
preparation, with the cell comprising the pristine sample named
pristine LPSCB, exposed sample named as LPSCB-air, and the re-
heated one named as LPSCB-air-500. In long-term cycling perfor-
mance test (Fig. 4a and Fig. S9 in Supporting information), the cells
were allowed to charge and discharge at 0.2 C for the first cycle,
and then tested under 0.5 C. Notably, the LPSCB-air-500 cell deliv-
ers an initial discharge capacity of 210 and 203 mAh/g at 0.2 and
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0.5 C, respectively, and well retain its capacity output after 200
cycles (capacity retention of 71.0%). In comparison, the LPSCB-air
cell gives a lower initial capacity of 196 and 181 mAh/g, and only
retains 37.0% of the initial capacity after 200 cycles. Accordingly,
the cycling data were used to calculate the dQ/dV curves (Figs. 4b
and c). Obviously, the LPSCB-air cell exhibits dramatic peak posi-
tion shifts (a negative shift on the anodic branches and positive
shift on the cathodic branches), and all the peaks show evident re-
duction of intensity upon cycling. However, this phenomenon be-
comes negligible on the LPSCB-air-500 cell, which suggests that the
severe loss of Li inventory (related to the decay of H2-H3 phase
transition) and decrease of Li-ion conduction pathways in the cell
is effectively suppressed in the LPSCB-air-500 cell [36-38]. Simi-
larly, the discharge capacities of the ASSBs based on exposed and
retreated LizInClg (denoted as LIC-air and LIC-air-300 cell, respec-
tively) demonstrate notable discrepancy, with the former giving
only 201 mAh/g and the latter giving 142 mAh/g at 0.2 C, respec-
tively (Fig. S10). Additionally, the cycling data were used to calcu-
late the dQ/dV curves (Figs. S10b and c). For the LIC-air cell, an ir-
reversible H2-H3 phase transition is more pronounced during the
charging process. However, this phenomenon is almost absent in
the LIC-air-300 cell, which may explain why the LIC-air-300 bat-
tery exhibits a higher initial capacity. The advantage can also be
achieved in other extreme test conditions: (1) At a current rate of
2.0 C, the cell is able to provide an initial discharge capacity of 167
mAh/g and retention of 70.0% after 900 cycles (Fig. 4d); (2) Un-
der 60°C and -20°C, the cell still maintains an average capacity as
high as ~217 (0.5 C) and ~159 mAh/g (0.1C), respectively (Figs. S11
and S12 in Supporting information). Rate performance of the ASSBs
with the above electrolytes were further tested. As shown in Fig.
4e, the LPSCB-air cell shows an average discharge capacity of ~205
mAh/g at 0.1 C, but the value declines to only ~133 mAh/g at 1.0
C, and even to ~13 mAh/g at 5 C, showing poor electrochemical
kinetics. In sharp contrast, the LPSCB-air-500 cell delivers an aver-
age capacity of 224, 188 and 115 mAh/g at 0.1, 1.0 and 5.0 C, re-
spectively, and the values can be well recovered when the current
rates are switched back. For the LIC-air and LIC-air-300 cell, this
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disparity further enlarged: (1) In rate test (Fig. 4f), the LIC-air cell
delivers only 206, 197 and 184 at 0.2, 0.5 and 1.0 C, respectively,
which is 73.0%, 38.0% and 7.8% to that of the LIC-air-300 cell; at
2.0 and 5.0 C, the LIC-air cell is incapable to release any capac-
ity, while those of the LIC-air-300 cell well retain at 157 and 93
mAh/g, respectively; (3) the voltage hysteresis (calculated by the
difference between the median voltage of charge and discharge) of
the LIC-air-300 cell is 30, 78 and 147mV at 0.2, 0.5 and 1.0 C, re-
spectively (Fig. S13a in Supporting information), much smaller than
those of the LIC-air cell under corresponding rates (339, 691 and
1034mV at 0.2, 0.5 and 1.0 C, respectively, Fig. S13b in Supporting
information). Therefore, it can be concluded that the degradation
of both halide and sulfide electrolytes leads to a serious loss of
electrochemical kinetics and lithium inventory during battery cy-
cling, and a restored crystal structure by facile heat treatment is
capable of saving the electrolyte in battery performance, showing
great potential in practical application.

In summary, we have disclosed the significant damage of
humid-air exposure on the structure and electrochemical proper-
ties of air-instable SSEs including Lis5PS45ClggBrg; and LisInClg,
and a subsequent heat treatment was proposed and proven effec-
tive to recover the damage, whose mechanisms were pinpointed
through XRD data with Retvield refinement. Specifically, the con-
traction of lattice volume of the electrolytes caused by the hydroly-
sis reaction from humid air is the culprit to the electrolytes’ degra-
dation. After proper heat treatment, a lattice rearrangement occurs
and rebuilds sufficient lithium-ion pathway in the material. Con-
sequently, the treated electrolytes provided greatly promoted ionic
conductivity from 0.95 mS/cm to 1.8 mS/cm for Li3InClg, from 1.24
mS/cm to 7.04 mS/cm for Lis 5PS45ClggBrg7. More importantly, the
ASSBs employed with the treated electrolytes achieved outstanding
long-term cycling and rate performance, even guaranteed consider-
able capacity output of ~217 and ~159 mAh/g under extreme con-
ditions of 60 and -20°C, illustrating significantly improved elec-
trochemical reaction kinetics and the impressive reliability of the
heat treatment method. While the results and achievements pre-
sented here are preliminary, they have opened a brand-new per-
spective for promoting the chemical stability and thereof the in-
dustrialization of air-instable SSEs. To further understand the role
of heat treatment on the evolution of SSEs and boost their devel-
opment, comprehensive studies gathering a series of ex-situ and
in-situ spectroscopic technologies and theoretical calculations are
underway in our lab, which will also offer useful knowledge that
enables the advent of high-performance and low-cost ASSBs.
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