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Oxygen (0) doping is a promising strategy for enhancing the air stability and lithium metal compat-
ibility of sulfide solid electrolytes (SSEs). However, the impact of various O sources on the structure
and properties of SSEs remains unclear. In this study, we synthesized a series of O-doped electrolytes,
Lis 5PS45.4x0xClys (LPSCOx, 0.1 < x < 0.5), using Li;O and P,0s5 as O sources, and systematically investi-
gated their differences in structure, air stability, and electrochemical properties. O preferentially substi-
tutes sulfur (S) at the 16e site and begins to replace S at the 4d site once a certain O concentration
is reached. Notably, the P,0s-doped electrolytes (P-LPSCOyx) exhibit a greater oxygen tolerance content
(0.24) at the 16e site, along with better air stability, higher ionic conductivity, and superior lithium metal
compatibility. XRD, SEM, and XPS analyses reveal that the P,0s-doped electrolytes exhibit larger cell pa-
rameters, higher densification, and fewer side reactions with lithium metal compared to the Li,O-doped
counterparts. This study provides valuable insights into the development of high-performance O-doped

sulfide electrolytes.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

All-solid-state batteries (ASSBs) use non-flammable inorganic
solid electrolytes and have the potential to incorporate lithium
metal anodes, providing both high safety and high energy density
[1-4]. Solid electrolytes (SEs) are essential components in ASSBs,
and their development plays a crucial role in the practical progress
of the ASSBs. Among various SEs, the sulfide solid electrolytes
(SSEs) have emerged as promising candidates for ASSBs owing to
their high room-temperature (RT) ionic conductivity and favorable
mechanical properties [4-8]. However, their practical application
is significantly challenged by poor air stability and incompatibil-
ity with lithium metal [1,9-11]. Element doping has been identi-
fied as a potent strategy to enhance the properties of SSEs [12-14].
Among various dopants, oxygen has shown considerable promise
[10,15-23].

Li,O and P,05 are principal O sources for implementing doping
strategies in SSEs [18,24-27]. Recent researches indicate that sub-
stituting Li,S/P,Ss with Li;O/P,05 within the argyrodite electrolyte
framework significantly enhances air stability and lithium metal
compatibility [18,24,25,27]. The formation of oxysulfides through O
introduction bolsters moisture tolerance, underscoring the essen-
tial role of O doping in enhancing chemical stability. In the case
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of LigPSsBr with O doping, a more stable interphase consisting of
Li;O and Li3OBr forms at the lithium surface during cycling, result-
ing in higher critical current density (CCD) and extended cycling
life compared to pristine argyrodite electrolytes [27]. However, the
LigPS5Cl system reveals that the CCD of Li/LigPS4750025Cl/Li cell
is marginally lower than that of Li/LigPSCI/Li cell [25], indicating
limitations in Li;O doping for dendrite suppression. Our previous
work demonstrated that a P,Os doping strategy in Liss5PS45Cly5
electrolyte notably enhances the air stability and compatibility
with high-voltage cathode [24]. Li;O and P,0s5 are also used as
0 sources to modify the Li,S—P,Ss5 sulfide electrolyte system (in-
cluding LizO—Lizs—P255 [28,29] and LizS—Pst—P205 [30—32]) and
other SSEs (Li]oGEPzS]z [33], Li3PS4 [26], and Li7P3511 [34]) Al-
though both Li;O and P,05 serve as O sources, their different im-
pacts on the structure and properties of SSEs are yet to be fully
understood, necessitating further research.

In this work, Lis 5PS45Cly5 (LPSCly5) electrolyte with high ionic
conductivity and relatively low cost is selected to systematically
evaluate the effects of Li;O and P,05 doping on the structure
and properties of SSE. P,0s-doped electrolytes (P-LPSCOx) out-
performing Li,O-doped ones (L-LPSCOy) across air stability and
lithium metal compatibility. The higher air stability of the P,0s5-
doped electrolytes arises from the increased O content (0.24) at
the 16e site, which reduces the amount of unstable P-S bonds.

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. XRD patterns of LissPS4s5.xOxClis (x=0.1, 0.2, 0.3, and 0.5) electrolytes with (a) Li;O and (b) P,0s as oxygen source. Results from XRD Rietveld refinement: (c)
Percentage content of impurities in the prepared electrolyte structures, oxygen content at 4d and 16e sites in (d) Li,O and (e) P,05 doping electrolytes. (f) lonic conductivity
values of the above SEs. SEM images of the pelleted (g) LPSClys, (h) L-LPSCOg3, and (i) P-LPSCOg3 electrolytes.

Furthermore, the P,0s-doped electrolytes exhibit smoother and
denser surfaces after cold pressing, contributing to the suppres-
sion of lithium dendrites. The Li//Li symmetric cells using P-LPSCOx
demonstrating higher CCDs and stable cycling. Additionally, the
NCMG622/SE/Li full cells employing P-LPSCOg 5 exhibit superior rate
capabilities and cycling stability at both RT and 50 °C. X-ray pho-
toelectron spectroscopy (XPS) detected fewer by-products at P-
LPSCOg3/Li interface after cycling.

The crystal structures of the prepared electrolytes
Lis 5PS45.x0xCly5 (x=0.1, 0.2, 0.3, and 0.5) were analyzed via
X-ray diffraction (XRD). Figs. 1a and b display the XRD patterns
of Li,O- and P,0s5-doped electrolytes (denoted as L-LPSCOyx and
P-LPSCOy). The prominent diffraction peaks correspond to the
argyrodite structure [35,36], confirming the successful synthesis
of O-doped electrolytes. However, as O content increases, peaks
associated with the impurity LiCl become evident. To obtain
more accurate crystal structure information, the XRD data were
refined simultaneously with the Rietveld method by Fullprof. The
refinement results are provided in Fig. S1 and Tables S1-S9 (Sup-
porting information). The relative impurity content increases with
increased O concentration. Noticeably, P,0s-doped electrolytes
show lower impurity levels compared to their Li,O-doped coun-
terparts at the same O doping content. Specifically, the impurity
contents for P-LPSCOq;, P-LPSCOq 5, P-LPSCOq 3, and P-LPSCOg 5 are
0.41%, 2.65%, 3.08%, and 4.55%, while for L-LPSCOg;, L-LPSCOy,,
L-LPSCOq 3, and L-LPSCOq 5, the respective values are 0.55%, 3.09%,
3.35%, and 6.37% (Fig. 1c and Table S9). Additionally, P,0O5-doped
electrolytes exhibit larger cell parameters (Fig. S2a and Table S9 in
Supporting information), which may contribute to the higher ionic
conductivity [36].

XRD refinement of LPSCl; 5 indicates that S occupies three dis-
tinct sites (4a, 4d, and 16e) within the structure (Fig. S2b and Ta-
ble S10 in Supporting information), consistent with previous stud-
ies [35]. The refinement patterns and parameters for the O-doped

electrolytes (x=0.1, 0.2, and 0.3) are detailed in Figs. S1a-f and Ta-
bles S1-S6, with calculations presented in Figs. 1d and e. At x=0.1
and 0.2, all O atoms occupy 16e site, regardless of the O source. At
x=0.3, O atoms are distributed between the 16e and 4d sites, with
the ratios being 0.2/0.1 for L-LPSCOq 3 and 0.24/0.06 for P-LPSCOg 3.
These findings suggest that (1) O preferentially replaces S at the
16e site, as reported in the literature; (2) replacement of S at the
4d site occurs once a threshold concentration of O is reached; and
(3) P,0s5-doped electrolytes have a higher O tolerance content at
the 16e site (0.24vs. 0.2).

Furthermore, the impact of different O sources on the chemical
structure was analyzed using Raman (Fig. S3 in Supporting infor-
mation) and NMR spectroscopy (Fig. S4 in Supporting information).
The Raman peaks at 190, 260, 421, 570 and 600 cm™! correspond
to the P-S bond in PS43- units of the O-doped electrolytes, aligning
with previous findings [16]. In our recent study [37], the LPSCl5
electrolyte displays a peak at 426 cm!, while significant shifts in
the O-doped electrolyte suggest that O incorporation affects PS43-
vibrations due to the incorporation of O at the 16e site [25], con-
sistent with the XRD refinement results. The 3P MAS NMR spec-
tra and fitted curves of L-LPSCOq 3 and P-LPSCO, 3 are presented in
Figs. S4a and b. The observed four different contributions of Cly,
SCl3, S,Cl,, and S3Cl in both electrolytes relate to the number of
nearest neighboring Cl/S atoms surrounding the PS,3- tetrahedra
at the 4d site [38]. The high relative intensity of SClz, S,Cl,, and
S3Cl (no S4) implies a substantial degree of structural disorder in
L-LPSCOg3 and P-LPSCOy 3. Variations in the relative intensities of
SCl3 and S,Cl, reflect differences in chemical environments that
correspond to the varying O contents in the 4d sites (Fig. S4c).

The ionic conductivities of the synthesized LPSCl;5 and O-
doped SEs were investigated by electrochemical impedance spec-
trum (EIS). The Nyquist plots of LPSCl;5, L-LPSCOx, and P-LPSCOx
(x=0.1, 0.2, 0.3, and 0.5) at 30 °C are shown in Figs. S5a-c (Sup-
porting information). The O-doped electrolytes exhibit increased
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impedance with higher O content, regardless of the O source,
which correlates with reduced ionic conductivities. Specifically, the
ionic conductivity of the LPSCl; 5 electrolyte at 30 °C is calculated
to be 10.4mS/cm. In comparison, the conductivities for L-LPSCOy
and P-LPSCOy are 8.90/9.98 (x=0.1), 8.20/8.41 (x=0.2), 7.53/8.14
(x=0.3), and 6.71/6.74 (x=0.5)mS/cm, respectively (Fig. 1f). The
reduction in ionic conductivities can be attributed to two pri-
mary factors: (1) The increased electronegativity of 02~ leads to
stronger electrostatic interactions with Li*, hindering Li* mobil-
ity [39], and (2) impurities within the crystal structure of O-doped
electrolytes obstruct Li* conduction [20]. Notably, the P,05-doped
SEs (P-LPSCOy) yield higher ionic conductivities compared to the
Li,O-doped ones, possibly due to their larger cell volumes and
fewer impurities. Furthermore, P-LPSCOx with lower activation en-
ergy (Fig. S6 in Supporting information), indicating the higher tem-
perature stability.

Scanning electron microscopy (SEM) analysis was performed to
assess the particle size and the surface morphology of electrolyte
powders and compressed electrolyte pellets (LPSClys5, L-LPSCOq3,
and P-LPSCOq3). LPSCly5, L-LPSCOq 3, and P-LPSCOg 3 powders ex-
hibit similar particle size within 50 um (Fig. S7 in Supporting infor-
mation). However, the cold pressed electrolyte pellets demonstrate
various morphologies. L-LPSCO 3 (Fig. 1h) and P-LPSCOq 3 (Fig. 1i)
pellets display a reduction in porosity and smoother surfaces com-
pared to LPSCl;5 electrolyte (Fig. 1g), indicating improved density
and compaction. Among these, P-LPSCOg3 pellet displayed the
fewest pores and the smoothest surface (Fig. 1i). The dense elec-
trolyte pellet may suppress the growth of lithium dendrites [40].

The air stability of the electrolytes was evaluated by measur-
ing the H,S gas released from LPSCl;s, L-LPSCO, and P-LPSCOy
(x=0.1, 0.2, 0.3, and 0.5) electrolytes over time under 40% hu-
midity. Fig. S8 (Supporting information) illustrates a significantly
slower H,S release rate from O-doped electrolytes compared to the
LPSCly 5 electrolyte, alongside a markedly lower total release. XRD
patterns (Fig. 2a) reveal that the pristine LPSCl; 5 electrolyte gen-
erates numerous impurities upon air exposure, while the O-doped
electrolytes exhibit minimal impurity formation. Notably, the ionic
conductivity of the O-doped electrolyte is twice that of the pris-
tine counterpart following air exposure, with values recorded at
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Fig. 2. (a) XRD patterns and (b) ionic conductivities of LPSClys, L-LPSCOp3, and
P-LPSCOg3 electrolytes after exposing to air for 20 min. With humidity of 40%.
(c) Schematic diagram of crystal structure and oxygen doping modification of
Lis 5PS42003Clys electrolyte.
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1.3 mS/cm for LPSCl; 5 and 2.4/2.7 mS/cm for L-LPSCOg 3/P-LPSCQOy 3,
respectively (Fig. 2b). The P-LPSCOq3; maintains the highest con-
ductivity post-exposure, underscoring the superior air stability of
P,05-doped electrolytes. Fig. 2c illustrates the schematic diagram
for O doping utilizing Li,O and P,05 as O sources. S atoms located
at the 16e site and P atoms at the 4b site form PS,3" tetrahedral
[35]. When O preferentially replaces S at the 16e site, some P-S
bonds become P-O bonds, resulting in the transformation of the
PS,3- structure into the P(S;.xOx)4>" structure. According to the soft
and hard acid-base theory, the P-O bond exhibits greater stabil-
ity than the P-S bond, thereby significantly enhancing the air sta-
bility of the electrolyte following O doping [10,41]. Furthermore,
P,0s-doped electrolytes with increased O occupancy at the 16e
site demonstrate improved air stability.

To assess the lithium dendrite inhibition capabilities of var-
ious electrolytes, Li/SE/Li symmetric cells were constructed. The
galvanostatic tests utilized stepwise increased current densities to
determine the critical current densities (CCDs) for different elec-
trolytes. Fig. S9 (Supporting information), Figs. 3a and b illustrate
the galvanostatic lithium plating/stripping profiles for cells utiliz-
ing LPSCly5, L-LPSCOy, and P-LPSCOx (x=0.1, 0.2, 0.3, and 0.5), re-
spectively. The voltage of all cells increases with rising current
density, followed by a marked decrease at a specific threshold,
identified as the CCD indicative of lithium dendrite formation [40].
The CCD observed for the LPSCl; 5 electrolyte is 0.7 mA/cm?2, while
all O-doped electrolytes demonstrate CCDs exceeding 2.5 mA/cm?,
For the Li;O-doped electrolytes (L-LPSCOy, x=0.1, 0.2, 0.3, and 0.5),
the CCD values range from 2.4 mA/cm? to 2.7 mA/cm?2 (blue bars in
Fig. 3c), suggesting comparable performance across varying O con-
tents. In contrast, the CCD for P,05-doped electrolytes (P-LPSCOy,
x=0.1, 0.2, 0.3, and 0.5) exhibit a distinct increase with rising
O concentration, reaching a maximum of 3.8 mA/cm? for the P-
LPSCOq 5 electrolyte (red bars in Fig. 3c). The lower CCD for P-
LPSCOy 5 may be attributed to abundant impurities present in its
crystalline structure. The higher CCDs of P,0s5-doped electrolytes
indicate a superior capacity for suppressing lithium dendrite for-
mation. The cycling performance of Li/SE/Li symmetric cells with
LPSCly5, L-LPSCOq3, and P-LPSCOg3 was evaluated at a current
density of 0.3mA/cm? (0.3 mAh/cm?). As presented in Fig. 3d,
the Li/P-LPSCOq3/Li cell delivers stable lithium plating/stripping for
over 1200 h without short-circuit or failure. The polarization volt-
age of the Li/P-LPSCO3/Li cell remaining below 25mV even after
1200 h of cycling, indicating a stable interface between lithium
metal and the P-LPSCOg3 electrolyte. Conversely, the voltages for
the Li/LPSCl;5/Li and Li/L-LPSCOq3/Li cells significantly increase af-
ter 140 and 540 h of cycling, respectively, leading to failures within
200 and 600 h. These results highlight the enhanced stability of
the O-doped electrolyte, particularly P,0s, in maintaining lithium
metal integrity during cycling. The excellent dendrite suppression
capability of P,0s-doped electrolytes is attributed to their high
densification (Fig. 1i), high phase purity (Figs. 1a and b), and low
electronic conductivity (Fig. S10 in Supporting information).

SEM and X-ray photoelectron spectroscopy (XPS) were utilized
to analyze the decomposition products on the surface of cycled
lithium metal in different cell configurations. Figs. S11a-c (Support-
ing information) present the SEM images and energy dispersive
spectroscopy (EDS) mappings of lithium foils after cycling for 100 h
in Li/LPSCly5/Li, Li/L-LPSCOq3/Li, and Li/P-LPSCOq3/Li cells, respec-
tively. In the Li/LPSCl;5/Li and Li/L-LPSCOq3/Li cells, numerous ir-
regular particles are unevenly distributed across the surface of the
cycled lithium metal. EDS mappings reveal strong signals for sulfur
(S), phosphorus (P), chlorine (Cl), and oxygen (O) (Figs. S11a and b),
indicating significant decomposition products from the solid elec-
trolytes (SEs). In contrast, the lithium metal in the Li/P-LPSCO 3/Li
cell exhibits a relatively flat surface with only a few particles and
weak signals for S, P, Cl, and O detected (Fig. S11c).
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Fig. 3. Galvanostatic Li plating/stripping profiles of Li/SE/Li cells using (a) L-LPSCO, and (b) P-LPSCOy (x=0.1, 0.2, 0.3, and 0.5) under step-increased current densities. (c) The
CCD values of L-LPSCO, and P-LPSCOyx (x=0.1, 0.2, 0.3, and 0.5) electrolytes. (d) Li plating/stripping profiles of Li/LPSCl;s/Li, Li/L-LPSCOq3/Li, and Li/P-LPSCOq3/Li symmetrical
cells at 0.3 mA/cm?. The corresponding P 2p XPS spectra of the cycled lithium metal in (e) Li/LPSClys/Li, (f) Li/L-LPSCOg3/Li, and (g) Li/P-LPSCOq3/Li cells.
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The corresponding P 2p XPS spectra for the cycled lithium
metal are illustrated in Figs. 3e-g. Peaks at 131.7 and 132.5eV
(blue) correspond to PS43 from the argyrodite electrolyte (Fig. S12
in Supporting information), while peaks at 134.1eV (brown) and
136.7eV (orange) indicate the presence of decomposition prod-
ucts such as P,Sy and various species [12,42]. At the Li/LPSCl;5
interface, the peaks associated with P,Sy and phosphorus species
are predominant, with the electrolyte peaks nearly absent. For the
Li/L-LPSCOq 3 interface, peaks from the electrolyte remain domi-
nant, though significant peaks attributed to P,Sy and phospho-
rus species are still present. Conversely, at the Li/P-LPSCOq 3 inter-
face, the composition of the electrolyte prevails, with only trace
amounts of the decomposition product P,Sy detected. Furthermore,
the surface of the lithium metal in the recycled Li/P-LPSCOg3/Li cell
maintains a dense and smooth morphology, promoting uniform
lithium deposition and preventing the formation of dendrites [40].

Additionally, the SEM images of the SE surfaces from the cycled
cells are provided in Fig. S13 (Supporting information). It is evi-

dent that both LPSCly5 and L-LPSCOq 3 electrolytes exhibit a rough
surface, while the P-LPSCOg3 electrolyte maintains a smooth
morphology. This observation indicates that the P,0s5-doped
electrolyte (P-LPSCOg3) demonstrates superior electrochemical
stability in contact with lithium metal, corroborating the findings
from the SEM and XPS analyses of the lithium metal surface.

To further evaluate the lithium metal compatibility of
P,05-doped electrolytes, all-solid-state lithium metal batteries
(ASSLMBs) were constructed using LiNiggCog;Mng,0, (NCM622)
coupled with P-LPSCOg3 and LPSClys electrolytes. The elec-
trochemical performances of these batteries are illustrated in
Fig. 4 and Fig. S14 (Supporting information). As depicted in Fig. 4a,
the ASSLMB incorporating P-LPSCOq3 exhibits an initial discharge
specific capacity of 163.3 mAh/g at a rate of 0.1 C at r.t. After 85
cycles, the discharge capacity remains at 125.9 mAh/g, reflecting
a capacity retention of 77.1% (Fig. 4c). In contrast, the ASSLMB
utilizing LPSCl; 5 registers an initial discharge specific capacity of
126.7 mAh/g, with a reduced capacity retention of 51.0% after the
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same cycling period (Figs. 4b and c). The charge/discharge curves
of both batteries at the first and 85 cycles illustrate that the
ASSLMB with P-LPSCOqy3 maintains lower polarization throughout
the cycling process.

EIS measurements performed before and after cycling reveal
that the ASSLMB with LPSCly s displays significantly higher inter-
facial impedance compared to that with P-LPSCOg3 after 85 cy-
cles (2100 2 vs. 1000 €2, Figs. S14a and b). The increased in-
terfacial impedance indicates greater side reactions occurring be-
tween lithium metal and the solid electrolyte (SE) [8]. Further-
more, the rate performances presented in Fig. S14c reveal that
the NCM622/P-LPSCOq 3/Li battery achieves discharge capacities of
165.4, 132.6, 86.1, 60.2, and 46.7 mAh/g at varying C-rates of 0.1,
0.2, 0.5, 0.8, and 1.0 C, respectively. The battery with P-LPSCOg 3
also demonstrates smaller polarization voltages compared to that
with LPSCl; 5 under different C-rates (Figs. S14d and e).

To further assess the lithium metal stability of the P-
LPSCOg 3 electrolyte under challenging conditions, the NCM622/P-
LPSCOq3/Li ASSLMB was evaluated under r.t. at 0.5 C and under
50°C at 1C. As shown in Fig. 4d, at r.t. under 0.5C, after activating
at 0.1C for 2 cycles, the battery delivers a discharge capacity of
92.4mAh/g and retains 89.2 mAh/g after 600 cycles, resulting in
a remarkable capacity retention of 96.5%. At 50°C under 1C, the
battery achieves a high initial discharge capacity of 136.0 mAh/g,
with a capacity retention of 82.0% after 400 cycles (Fig. 4e). These
findings highlight the outstanding cycle stability of the NCM622/P-
LPSCOg3/Li battery under stringent conditions, underscoring the
exceptional lithium metal stability of the P-LPSCOq3 electrolyte.
The results indicate that P,0s5-doped electrolytes hold significant
promise for application in ASSLMBs.

In conclusion, we synthesized O-doped Lis5PS45Clys (LPSCly5)
electrolytes using Li;O and P,05 as oxygen sources and systemat-
ically investigated their effects on the structure, air stability, and
lithium compatibility of sulfide electrolyte. For P,05-doped elec-
trolytes, O replaces more S at the 16e site, resulting in better air
stability due to the reduced unstable P-S bond. Notably, P-LPSCOg 3
retains a higher ionic conductivity (2.7 mS/cm) than L-LPSCOg3
electrolyte (2.4mS/cm) after air exposure. XRD refinement and
SEM analyses reveal that P,0s-doped electrolytes (P-LPSCOy) ex-
hibit purer phase, larger cell parameter, and denser pellets, leading
to improved ionic conductivity and enhanced suppression ability
of lithium dendrite. P-LPSCOy 3 achieve a CCD of 3.8 mA/cm? com-
pared to 2.7mA/cm? for Li,O-doped electrolytes and 0.7 mA/cm?
for LPSCly 5. Additionally, the P,O5-doped electrolytes demonstrate
superior lithium compatibility, with the Li/P-LPSCOq3/Li symmet-
ric cell maintaining stable cycling for over 1200 h at 0.3 mA/cm?2.
The NCM622/P-LPSCOq3/Li full cells retaining 96.5% capacity after
600 cycles at r.t. (0.5 C) and 82.0% after 400 cycles at 50°C (1.0 C).
This study offers valuable insights into the selection of raw mate-
rials for modifying sulfide solid electrolytes and guides the choice
of oxygen sources for oxygen-doped systems.
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