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Advancing sulfide solid electrolytes via green
Li2S synthesis

Yi Zhang 1,5, Ling Gao1,5, Haoran Zheng1, Hongyang Zhao 2 &
Guowei Zhao 1,3,4

We present a potentially eco-friendly, cost-efficient strategy for synthesizing
high-purity Li2S, a key precursor for sulfide-based solid electrolytes. While
these electrolytes surpass conventional organic counterparts in both safety
and performance, their widespread application is hindered by the high cost of
Li2S. Here, a solvent-free metathesis route is developed, in which thiourea
serves as an S2⁻ donor to sulfurize LiOH, enabling scalable Li2S production
(∼100 g per batch) with significantly reduced projected costs. During the
process, intermediates (H2NCN, H2O) are transformed into benign gases (CO2,
NH3) that spontaneously leave the system, thereby driving Li2S formation
without ΔGmix limitations. The as-synthesized Li2S is successfully applied to
prepare sulfide-based solid electrolytes such as Li10GeP2S12 and argyrodite-
Li5.5PS4.5Cl1.5, achieving laboratory-scale (1 kg) production costs reduction of
up to 27.5% and 92.9%, respectively. Furthermore, all-solid-state batteries
employing Li5.5PS4.5Cl1.5 demonstrate electrochemical performance compar-
able to those fabricate with commercial Li2S. This scalable methodology thus
may provide a proming pathway to bridge low-cost Li2S synthesis with the
practical deployment of sulfide-based solid electrolytes, whichmay accelerate
the commercialization of high-performance all-solid-state batteries.

The pursuit of next-generation electrochemical energy-storage sys-
tems centers on exploring efficient and scalable solid-state electrolytes
(SSEs), which represent attractive replacements for traditional organic
liquid electrolytes. The SSEs can not only avoid the safety and envir-
onmental issues caused by the effumability, easy leakage and com-
bustibility of organic liquid electrolytes, but also be able to serve as
functional separators with high ionic conductivity and robust
mechanical integrity between the positive electrode and the negative
electrode, promoting the energy density and security of the energy
storage system. Among all the reported SSEs, sulfide-type compounds
have gained widespread attention because the remarkable Li10GeP2S12
(LGPS) and argyrodite-type Li5.5PS4.5Cl1.5 (LPSC1.5) possess extremely
high ionic conductivity, which is close to or even surpass that of

commercial organic liquid electrolytes (10–2 S/cm) at room
temperature1–3. In addition, sulfide electrolytes have the advantages of
excellent mechanical deformability and interfacial compatibility,
favoring compact contact with the interface of electrode materials4,5.
Sulfide-based SSEs are indispensable for next-generation lithium-ion
batteries due to their unparalleled combination of ultrahigh ionic
conductivity, superior interfacial properties andmechanicalflexibility,
which are critical for achieving high-energy-density and safe all-solid-
state batteries. Their unique ability to form intimate interfaces with
electrode materials and their compatibility with high-voltage positive
electrodes position them as one of the most promising options for
realizing the full potential of all-solid-state batteries (ASSBs). There-
fore, sulfide-type SEEs are preferable electrolyte materials for ASSBs.
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However, the high cost of Li2S raw material (732USD/kg)6 severely
hinders the practical application of sulfide SSEs for energy-storage
devices.

In recent years, a growing number of research studies on the
synthesis of Li2S materials have been widely investigated for the
industrialization of sulfide SSEs7–23. All the synthesis reactions (sum-
marized in Supplementary Table 1) could bemainly separated into two
categories, including redox reaction and metathesis reaction. In a
solid-phase redox reaction, the Li2S can be obtained directly through
the reaction between Li2SO4 and solid reductants (such as carbon, Mg,
or Al) at high temperatures7–10. Nevertheless, excess reductants are
needed for the total reduction of Li2SO4 to Li2S. Hence, the purity of
the Li2S products is extremely low. Great efforts were made to pro-
mote the purity of Li2S products, such as using strong reductive-type
organolithium salts to react with S powders or H2S gas in liquid-
phase11–18, or employing reductive H2 gas to react with Li2SO4

19.
Although the raw materials of S or Li2SO4 powders are stable and
inexpensive, the organolithium salts and H2 are costly and explosive,
hence this strategy is incompetent for practical application24.

Recently, a new approach was proposed for making Li2S through
liquid-phase metathesis reaction between LiY (Y =Cl–, Br–, I– or NO3–)
and anhydrous Na2S in organic solvent20–23. The metathesis reaction,
also known as the double replacement or double decomposition
reaction, are commonly occurred in the liquid phase, which could be
driven to completion by the formation of a gas or precipitate
product25–27. Typically, LiCl and anhydrous Na2S are selected as raw
materials for the synthesis of Li2S in the ethanol phase. This reversible
reaction is thermodynamically spontaneous (4Gθ

r,m <0) with large
equilibrium constants (K) due to the low solubility of the NaCl
byproducts in the ethanol phase22. The generated NaCl precipitate can
quickly separate from the reaction system and serve as the driving
force to shift the chemical equilibrium to the right side, i.e., toward
more Li2S products. The inexpensive rawmaterials and the convenient
reaction conditions make this metathesis reaction potential for
industrial production20–22. However, the chemical equilibrium toward
the Li2S forming direction can not reach completion since the NaCl
byproduct can not entirely precipitate (the solubility ofNaCl in ethanol
is 0.055wt.%)28, resulting in the impurity of unreacted LiCl and dis-
solved NaCl. Adding excess reactant (LiCl or Na2S) favored further
shifting of the chemical equilibrium toward the Li2S forming direction,
decreasing the content of the NaCl impurity in the ethanol phase.
However, the excess reactant (LiCl or Na2S) still affects the purity of
Li2Sproducts,whicheven converted tonew impurities such asLiOCl or
NaHS through oxidation or alcoholysis process20,22. Until now, no
effective methods have been proposed to completely convert the
reactants into Li2S product without impurity in the liquid-phase
metathesis reaction.

According to Thermodynamics theory, the dissolved NaCl
byproduct in the ethanol phase would be mixed with the unreacted
LiCl and Na2S reactants, generating the Gibbs Free Energy of Mixing
(ΔGmix). The ΔGmix would lead to a minimum in the Gibbs free energy
before the reaction progress achieved 100%, which means the che-
mical reaction has reached equilibrium before the reactants are com-
pletely converted to products29,30. We believe this is the main reason
why the reactants can not totally convert to Li2S product in the liquid-
phase metathesis reaction. According to the Le Chatelier’s principle,
the change in the products’ concentrationdirectly affects the chemical
equilibrium shift. Decreasing the concentration of the byproduct can
shift the chemical equilibrium to the forward direction for the for-
mation of more main-product31. During the metathesis reaction pro-
cess, if the whole byproduct could be automatically separated from
the reaction system, then no ΔGmix would be generated during the
reaction, and the absence of the byproduct can impel the chemical
equilibrium to thoroughly tend to the forward direction, leading to a
complete conversion to the main-product32. Nevertheless, in a liquid-

phasemetathesis reaction system,most of the gaseous and precipitate
byproducts can not be fully separated from the liquid phase due to
their non-zero solubility in the liquid phase, resulting in the generation
of ΔGmix. For the complete conversion of reactants to the Li2S main
product, a solvent-free system with the production of gaseous
byproducts is indispensable for the metathesis reaction since no
mixing would occur between gas and solid33.

Thiourea ((NH2)2C = S) is an environmentally friendly, inexpensive
and air-stable solid reagent34, capable of providing S2– ions via
metathesis reactions.Moreover, the thermolysis of thiourea generates
gaseous products35, which can be readily removed from the reaction
system, simultaneous driving the chemical equilibrium of the
metathesis reaction towards complete conversion. To achieve high-
purity Li2S with low-cost on a large scale, we rationally designed a
solvent-freemetathesis route using thiourea as S2–-donors and LiOH as
the lithium source. According to online thermogravimetry/differential
thermal analysis coupledwith fourier transform infrared spectroscopy
(TG/DTA-FTIR), online thermogravimetry/differential thermal analysis
coupled withmass spectrometry (TG/DTA-MS), and density functional
theory (DFT) calculations, intermediate byproducts such as H2NCN
and H2O were removed via hydrothermolysis, while only gaseous
byproducts (CO2 and NH3) were generated during the metathesis
reaction. The gaseous byproducts could be automatically separated
from the Li2S main product without affecting the Gibbs free energy
(ΔGmix≈0), effectively shifting the chemical equilibrium fully towards
reaction and enabling complete conversion to Li2S. This straightfor-
ward solvent-free metathesis reaction is practicable for the large-scale
production of high-purity Li2S (up to ~100 g per batch) without
requiring additional purification. Furthermore, conventional solid
sulfide electrolytes, including Li10GeP2S12 (LGPS) and argyrodite
Li5.5PS4.5Cl1.5 (LPSC1.5), were successfully synthesized on a large scale
using the as-obtained Li2S as a precursor, reducing projectedmaterials
cost by up to 27.5% and 92.9%, respectively. Notably, all-solid-state
batteries assembled with Li5.5PS4.5Cl1.5 derived from the synthezied
Li2S exhibited electrochemical performance comparable to those
prepared by commercialized Li2S. Overall, this solvent-freemetathesis
stratage thus potentially provides a green and scalable route for mass
production of high-purity Li2S, which have the potential to sub-
stantially lowering the cost of sulfide-based solid electrolytes and
facilitating the practical deployment of all-solid-state batteries.

Results
Reaction design and molecular interaction analysis
Thiourea ((NH2)2CS) was selected as solid S2– donors to sulfurize LiOH
to form Li2S solid product with the emission of gaseous CO2 and NH3

byproducts. This designed solvent-free metathesis reaction could be
described as Eq. (1):

ðNH2Þ2CSðsÞ+2LiOHðsÞ=Li2SðsÞ+CO2ðgÞ+ 2NH3ðgÞ ΔrH
θ
m = 132:11 kJ=mol

ð1Þ

In typical liquid-phase metathesis reaction20–23, the slightly dis-
solved NaCl byproduct would mix with the Li2S main-product in the
solvent phase, resulting in the formationofΔGmix. In contrast, noΔGmix

was generated in this solvent-free metathesis reaction since nomixing
would occur between solid (Li2S main-product) and gas (CO2 & NH3

byproducts) (Fig. 1a)33. The ΔGmix would lead to a minimum in the
Gibbs free energy before the reaction progress achieved 100% (ξ < 1),
indicating that the chemical reaction has reached equilibrium before
the reactants are completely converted to products. However, without
ΔGmix, reactants would simply slide down the ΔG slope to products
with the minimum at ξ = 1, leading to a complete conversion to the
main-product (Fig. 1b)29,30.

To analyze and investigate the feasibility of the solvent-free
metathesis reaction (Eq. (1)), Molecular Electrostatic Potential (MEP)
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has been used for interpreting and predicting the sites of favorable
interactions in these chemical reactions36–38. Fig. 1c exhibited the cal-
culated MEP of the (NH2)2CS and LiOH molecules. The blue area
(electron-poor) localized over the S site in (NH2)2CS was related to the
nucleophilic region, which tended to interact with the red area (elec-
tron-rich) localized over the Li site (electrophilic region) in LiOH.

Besides, Frontier Molecular Orbital theory was employed to
investigate the molecular reactivity by calculating the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)of (NH2)2CS andLiOHmoleculars39–42. Thedifferenceof
energy between HOMO and LUMO is called as energy gap
(Egap = ELUMO– EHOMO), which is an important parameter to evaluate the
molecular chemical reactivity. Usually, a molecule with low Egap is
generally associated with high chemical activity29. According to DFT
calculation results (Fig. 1d), the Egap values of (NH2)2CS and LiOHwere,
respectively, as low as 0.38 eV and 0.24 eV, indicating the high che-
mical activity between the reaction of (NH2)2CS and LiOH moleculars.

Thermodynamic feasibility, reaction mechanism and product
verification
Subsequently, the Gibbs free energy (ΔG) of this designed metathesis
reaction (Fig. 1e) was calculated through the DFTmethod. The ΔGwas
less than 0 (4Gθ

r,m <0) and continuously decreased with the increase
of the reaction temperature, indicating the thermodynamical sponta-
neity of Eq. (1) over 500 °C. Meanwhile, the product of this metathesis
reaction was investigated via the Raman test, and a Raman signal of
Li2S (375 cm–1) can be observed above 400 °C (Supplementary Fig. 1),
corresponding to the calculated result in Fig. 1e.

To investigate the chemical reaction mechanism of Eq. (1), rea-
sonable chemical stages for this solvent-free metathesis reaction were
calculated and proposed. Specifically, the Eq. (1) could be fundamen-
tally divided into the following three stages (Fig. 1f):

2ðNH2Þ2CSðsÞ=CS2ðgÞ+H2NCNðgÞ +2NH3ðgÞ ΔrH
θ
m =262:82 kJ=mol ð2Þ

4LiOH sð Þ +CS2 gð Þ= 2Li2S sð Þ+ 2H2O gð Þ+CO2 gð Þ ΔrH
θ
m =61:938 kJ=mol

ð3Þ

H2NCNðgÞ +2H2OðgÞ =2NH3ðgÞ+CO2ðgÞ ΔrH
θ
m = � 60:538 kJ=mol ð4Þ

a. The thiourea produced gaseous species of CS2, NH3 and H2NCN via
thermolysis (Eq. (2)); b. The gaseous CS2 from Eq. (2) sulfurize LiOH
through metathesis reaction, producing Li2S main-product with the
emission of CO2 and H2O byproducts (Eq. (3)); c. The byproducts of
H2NCN from Eq. (2) and H2O from Eq. (3) were depleted through
hydrothermolysis reaction, producing gaseous byproducts of CO2 and
NH3 (Eq. (4)).

To verify the chemical reaction mechanism of this solvent-free
metathesis reaction, online coupled TG/DTA-FTIR were used to ana-
lyze the thermolysis products of thiourea in Eq. 2 (Fig. 2a). Threemajor
gaseous species were generated during the metathesis reaction,
including carbon disulfide (CS2) with absorption peaks at 1541 cm–1,
cyanamide (H2NCN) with absorption peaks at 2266 cm–1 and ammonia
(NH3) with absorption peaks at 966 cm–1 35, proving the reaction pro-
ducts in Eq. (2). Besides, the thermolysis products of thiourea were
detected through the online coupled TG/DTA-MS test (Fig. 2b). Along
with the increasing temperature, the characteristic fragments of gas-
eous species CS2 (m/z = 76), NH3 (m/z = 17) and H2NCN (m/z = 42) have
been confirmed, corresponding to the results in Fig. 2a.

To verify the feasibility of Eq. 3, the DFT method was used to
calculate the ΔG of this metathesis reaction (Fig. 2c). The ΔG was less
than0 (4Gθ

r,m <0) and continuously decreasedwith the increase of the

reaction temperature, indicating the thermodynamical spontaneity of
Eq. (3) over 500 °C. It should be noted that the gaseous byproduct of
CO2may affect the purity of the Li2Smain-product since CO2 can react
with LiOH raw materials (Eq. (5)), resulting in the formation of the
Li2CO3 impurity.

2LiOHðsÞ+CO2ðgÞ= Li2CO3ðsÞ+H2OðgÞ ΔrH
θ
m = � 94:416 kJ=mol

ð5Þ

Taking the Li2CO3 byproduct into consideration, the ΔG of the
metathesis reaction in Fig. 2d was calculated through the DFTmethod.
TheΔGwas less than0when the reaction temperaturewas in the range
of 500 to 725 °C, indicating the coexistence of Li2S and Li2CO3

impurity. Nevertheless, the ΔG was over 0 when the reaction tem-
perature exceeded 725 °C, proving that this reaction was not thermo-
dynamically spontaneous in this temperature region (Fig. 2d). This
result could be attributed to the thermal decomposition behavior of
Li2CO3 at T > 727 °C (Eq. (6))43.

Li2CO3ðsÞ= Li2OðsÞ+CO2ðgÞ ΔrH
θ
m = 224:49 kJ=mol ð6Þ

Then, no Li2CO3 impurity existed in the final product since the
Li2O could be sulfured into Li2S by CS2 (Eq. (7)).

2Li2OðsÞ+CS2ðgÞ= 2Li2SðsÞ+CO2ðgÞ ΔrH
θ
m = � 198:21 kJ=mol ð7Þ

Guided by the DFT calculating results above, the solvent-free
metathesis reaction of Eq. 1 was conducted at 600 °C, 700 °C, 800 °C
and 900 °C (denoted as HY-Li2S-600, HY-Li2S-700, HY-Li2S-800 and
HY-Li2S-900. HY is the abbreviation of lithium hydroxide) and the
corresponding XRD patterns were recorded in Fig. 2e for comparison.
All the synthesized samples contained the characteristic peaks of the
Li2S phase (PDF#23-0369), indicating the formationof the Li2S product
during the calcination process above 600 °C. A secondary Li2CO3

phase (marked with red #) was detected in HY-Li2S-600 and HY-
Li2S-700 samples, proving that the Li2CO3 byproduct formed in a
relatively low-temperature range of 600–700 °C. As temperatures rise,
the Li2CO3 phase disappeared due to the thermal decomposition of
Li2CO3 at T > 727 °C (Eq. (6))43, which matched well with the DFT cal-
culation result (Fig. 2d). The generated Li2O from Eq. (6) could be
sulfurized to Li2S by CS2 via Eq. (7). Hence, no Li2CO3 impurity phase
was observed in the XRD patterns of HY-Li2S-800 and HY-Li2S-900
samples (Fig. 2e).

In addition, we considered that the byproduct of H2NCN (Fig. 2a,
b) from Eq. (2) may affect the purity of the Li2S main-product since the
H2NCN could decompose into a solid carbon residual compound44.
Nevertheless, no ion fragments of H2NCN products could be detected
during the solvent-free metathesis reaction between thiourea and
LiOH (Fig. 3a).We proposed a probable reaction of Eq. (4) that theH2O
intermedia product fromEq. (3) could reactwithH2NCNbyproduct via
hydrothermolysis reaction. As shown in Fig. 3b, ion fragments of NH3

(m/z = 17) and CO2 (m/z = 44) products were observed above 300 °C
during the reaction between H2NCN and H2O, confirming the feasi-
bility of Eq. (4). Therefore, we speculated that no carbon residuewould
be generated in the Li2Smain-productdue to the elimination ofH2NCN
through the hydrothermolysis reaction with H2O intermedia product.

To further investigate the elimination mechanism of carbon resi-
due in Li2S main-product, Li2CO3 was used as a rawmaterial instead of
LiOH for the synthesis of Li2S since no H2O intermediate product
formed during this metathesis reaction (Fig. 3c), which could be
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employed as a comparison experiment (Eq. (8)):

2Li2CO3ðsÞ+CS2ðgÞ=2Li2SðsÞ+3CO2ðgÞ ΔrH
θ
m =250:77 kJ=mol

ð8Þ

The solvent-freemetathesis reactionbetweenLi2CO3 and thiourea
was conducted at 600 °C, 700 °Cand 800 °C (denoted asCA-Li2S-600,
CA-Li2S-700 and CA-Li2S-800. CA is the abbreviation of lithium car-
bonate) and the corresponding XRD patterns were recorded in Sup-
plementary Fig. 2. No Li2CO3 phase could be observed in CA-Li2S-800
sample and the refined XRD patterns of HY-Li2S-800 and CA-Li2S-800
proved that both products were in a Li2S single phase form (Fig. 3d).
Detailed Rietveld refinements data were listed in Supplementary
Table 2 and the SEM images of HY-Li2S-800 and CA-Li2S-800 were

displayed in Supplementary Fig. 3. The appearance of HY-Li2S-800
productwaspuregray, while somedark gray area could be observed in
the appearance of CA-Li2S-800 (Fig. 3e). Besides, the HY-Li2S-800
presented greyish white while the CA-Li2S-800 showed light yellow
when dissolved in absolute alcohol (Supplementary Fig. 4). Subse-
quently, Raman spectroscopy was used to test the carbon impurity in
HY-Li2S-800 and CA-Li2S-800 samples. The Raman spectra of amor-
phous carbon possesses two peaks, the D-band peak around 1350 cm–1

and the G-band peak around 1580 cm–1 45,46. No peaks of D-band or
G-band could be seen in HY-Li2S-800 sample, proving the absence of
residual carbon in the Li2S main-product (Fig. 3f). In contrast, two
obvious peaks of D-band (at 1350 cm–1) and G-band (at 1580 cm–1)
appeared in CA-Li2S-800 sample (Fig. 3f), indicating the formation of
residual carbon byproduct through the thermolysis of H2NCN (Fig. 3c).

1

2 3

Gaseous Byproducts

ΔGmix = 0

Intermediate ProductsMain Product

Thermolysis

0.24 eV

HOMO
-0.35 eV

LUMO
0.03 eV

HOMO
-0.16 eV

LUMO
0.08 eV

0.38 eV

(NH2)2CS

LiOH

(NH2)2CS(s) + 2LiOH(s) = Li2S(s) + CO2(g) + 2NH3(g)

c d e

f

a b

ΔG
mix  = 0

ΔGmix ≠ 0non-mix

Fig. 1 | Mechanistic studies on this metathesis reaction through theoretical
calculation. a Comparison between liquid-phase metathesis and solvent-free
metathesis reaction. b Impact of ΔGmix on reaction progress. c Electron density

surface mapped with molecular electrostatic potential. d HOMO and LUMO of
thiourea and LiOHmoleculars. eΔG of themetathesis reactions by DFT calculation.
f Illustration of the solvent-free metathesis reaction.
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Meanwhile, potentiostatic polarization method was employed to ver-
ify the effect of residual carbon on the electronic conductivity of HY-
Li2S-800 andCA-Li2S-800 products (Fig. 3g). Based on the steady-state
current, the electronic conductivity ofCA-Li2S-800couldbe calculated
as high as 1.17 × 10–6 S/cm due to the existence of residual carbon. In
contrast, without the residual carbon, the electronic conductivity of
HY-Li2S-800 was only 1.71 × 10–8 S/cm, which exhibited a two-order-of-
magnitude decrease compared to CA-Li2S-800 products. Therefore,
with the assistance of H2O intermedia product, the carbon impurity
could be eliminated due to the depletion of H2NCN through Eq. (4),
leading to the formation of high-purity Li2S main-product with only
CO2 and NH3 gaseous byproducts. Based on the reaction mechanisms
analyzed above, the detailed reaction process with the corresponding
temperature range was illustrated in Fig. 3h.

Scale-up feasibility, cost analysis and sustainability evaluation
To verify whether this solvent-free metathesis method was suitable
for large-scale production of Li2S, the quantity of raw materials for
manufacturing 100g Li2S product in one batch (denoted as Li2S-
Smeta) was increased. Here, Li2S-Smeta refers to bulk Li2S obtained
from the scaled-up solvent-free metathesis reaction. Nearly 1 Kg Li2S
product could be obtained in ten batches (Fig. 4a), and no secondary
phase could be observed from the refined XRD patterns of the
Li2S-Smeta sample, proving the formation of the pure phase Li2S
(Fig. 4b). In addition, potentiostatic polarization method was
employed to calculate the electronic conductivity of Li2S-Smeta
products (Fig. 4c). Based on the steady-state current, the electronic
conductivity of Li2S-Smeta product was 2.45 × 10–8 S/cm, closely
matching the values of HY-Li2S-800 samples (Fig. 3g). The yield of the
Li2S-Smeta products is approximately 95.4%. SEM imaging of the
Li2S-Smeta products (Supplementary Fig. 5a) reveals numerous
pores, which can be attributed to the formation of gaseous bypro-
ducts during the metathesis reaction. The average particle size (D50)
of the Li2S-Smeta products is 1.2 μm, as shown in Supplementary
Fig. 5b. Based on ICP and high-frequency infrared carbon-sulfur

analysis, the total impurity content in the Li2S-Smeta products is less
than 0.2wt.%. The constituent impurities and their respective con-
centrations are listed in Supplementary Table 3. All aforementioned
results demonstrated the feasibility of this solvent-free metathesis
reaction technique in large-scale.

A comparison of various properties among the current Li2S
synthesis methods, including thermoreduction method8,9, liquid
reduction method12, H2S sulfurating Li metal method18, H2 reduction
method19 and liquid metathesis method22, were showed in Fig. 4d,
and all the detailed properties was displayed in Supplementary
Table 1. Besides, we have conducted a detailed total costs (including
rawmaterials costs, synthesis condition costs and purification costs)
comparison between this work and other highly promising Li2S
synthesis methods (Fig. 4e, Supplementary Tables 5–11). Although
the reaction between LiH and S can directly produce pure Li2S
without an additional purification step, the high price of LiH raw
material rendered this method unsuitable for the industrial-scale
production of Li2S (Supplementary Table 5). The cost of LiOH and S
are cheap, but the Li2S product requires N-propanol purification,
resulting in huge purification costs (Supplementary Table 6). H2 can
reduce Li2SO4 to pure Li2S, while the explosive nature of H2 can not
be ignored. (Supplementary Table 7). Both thermal reduction
method (Al/sucrose reduce Li2SO4) and liquid metathesis method
(LiCl react with Na2S) utilize inexpensive raw materials and ethanol
purification step, whereas ethanol can not be totally recycled for
repeated use47,48, leading to an increase in purification costs (Sup-
plementary Tables 8–10). In contrast, by utilizing economical LiOH
and thiourea as raw materials, our solvent-free metathesis can pro-
duce pure Li2S products directly without purification step, achieving
substantial total costs savings (Supplementary Table 11). In addition,
considering the potential impact of CO2 on the greenhouse effect, a
simple aluminum water tank was integrated at the reactor exhaust
outlet. The exhausted CO2 was fixed by rapid reaction with NH3

byproducts in the aqueous phase and generated a non-toxic/non-
volatile NH4HCO3 final product. Consequently, the actual CO2

#
# ## # # # #

a

c d

b e

Thermodynamics
Favorable

Byproduct Li2CO3
Decomposed at 725 °C

6LiOH + CS2(g) = 2Li2S + Li2CO3 + 3H2O(g) 4LiOH + CS2(g) = 2Li2S + CO2(g) + 2H2O(g) 

#: Li2CO3 

Fig. 2 | Mechanistic studies on this metathesis reaction at different reaction
temperatures. a Online coupled TG/DTA-FTIR spectra of the thermolysis of
thiourea under an Ar atmosphere. b Online coupled TG/DTA-MS spectra of ion
fragments of identified gases evolved from thiourea under an Ar atmosphere. c ΔG

of the sulfurization reaction between CS2 and LiOH with CO2 as byproduct by DFT
calculation.dΔGof the sulfurization reactionbetweenCS2 and LiOH,with Li2CO3 as
a byproduct by DFT calculation. e XRD patterns of the products from the solvent-
free metathesis reaction at different synthesis temperatures.
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emissions from this reaction exert a negligible impact on the
greenhouse effect.

Application demonstration in sulfide-based solid electrolytes
To test whether the Li2S-Smeta products could be used for the large-
scale production of sulfide-based SSEs, two types of classic sulfide-
based electrolytes, LGPS and LPSC1.5, were manufactured on a large
scale of 100 g in one batch by utilizing the Li2S-Smeta products as raw
materials (denoted as LGPS-SmetaLi2S and LPSC1.5-SmetaLi2S). By
contrast, commercial Li2S was also used to manufacture LGPS and

LPSC1.5 products under the same synthesis conditions (denoted as
LGPS-CommLi2S and LPSC1.5-CommLi2S). The detailed preparation
procedures were described in the Experimental Section.

To achieve LGPS products, the ball-milled 100 g yellow precursor
powders (Supplementary Fig. 6) were pelletized and then sintered at
550 °Cunder vacuum conditions. 93.82 g LGPS products were attained
for one batch with a high yield rate of 93.82% (Fig. 4f). The XRD pat-
terns of the LGPS-SmetaLi2S and LGPS-CommLi2S products (Fig. 4g)
matched well with the standard XRD profile of LGPS
(PDF#970188886). The corresponding refined XRD patterns of LGPS-
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Fig. 3 | Mechanistic studies on the products of this metathesis reaction using
LiOH or Li2CO3 as lithium sources. a Online coupled TG/DTA-MS spectra of ion
fragments of identified gases evolved from the metathesis reaction between
thiourea and LiOH under Ar atmosphere. b Online coupled TG/DTA-MS spectra of
ion fragments of identified gases evolved from the metathesis reaction between
H2NCN and H2O under Ar atmosphere. c Illustration of the solvent-free metathesis

reaction using Li2CO3 instead of LiOH. d Rietveld refinement of HY-Li2S-800 and
CA-Li2S-800 sample. e The digital pictures of HY-Li2S-800 and CA-Li2S-800 pro-
ducts. f The Ramanspectra of HY-Li2S-800 and CA-Li2S-800 samples. g Polarization
current-time curves of HY-Li2S-800 and CA-Li2S-800 samples. h The detailed
reaction process of the solvent-free metathesis reaction.
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SmetaLi2S and LGPS-CommLi2S showed that the products were in
LGPS single-phase form (Supplementary Fig. 7). The SEM image of
LGPS-SmetaLi2S was displayed in Supplementary Fig. 8a, and the cor-
responding D50 value for LGPS-SmetaLi2S products were 0.76μm
(Supplementary Fig. 8b).

To compare the electrochemical performance of LGPS-SmetaLi2S
to that of LGPS-CommLi2S products, an electrochemical impedance
spectroscopy (EIS) test was conducted to measure their ionic con-
ductivity at room temperature. The semi-circle of LGPS-SmetaLi2S in
the Nyquist impedance plots at high frequencies was about 26.5Ω,
which was very close to 25.6Ω of LGPS-CommLi2S in Fig. 4h. The cal-
culated ionic conductivity was 4.8 mS/cm for LGPS-SmetaLi2S and
5.0mS/cm for LGPS-CommLi2S samples, indicating that both products

exhibited a high ionic conductivity at room temperature. Conse-
quently, the performance of Li2S-Smeta products is relatively similar to
that of commercial Li2S. Based on the current market price (Supple-
mentary Table 4 and Supplementary Table 12), the cost of LGPS-
SmetaLi2S falls by 27.5% to that of LGPS-CommLi2S sample, indicating
the practical value of the Li2S-Smeta product (Fig. 4i).

In addition, LPSC1.5 was also manufactured in one batch of 100 g
synthesis. The ball-milled 100 g yellow precursor powders (Supple-
mentary Fig. 9) were pelletized and heated at 500 °C under vacuum.
94.63 g LPSC1.5 products could be obtained for one batch with a high
yield rate of94.63% (Fig. 4j). TheXRDpatterns of the LPSC1.5-SmetaLi2S
and LPSC1.5-CommLi2S products (Fig. 4k) were in accordance with the
standard characteristic peaks of argyrodite-Li7PS6 (PDF#970418490).

LPSC1.5-CommLi2S
LPSC1.5-SmetaLi2S

LGPS-CommLi2S
LGPS-SmetaLi2SLGPS-SmetaLi2S

LGPS-CommLi2S

LGPS PDF#970188886

LPSC1.5-SmetaLi2S

LPSC1.5-CommLi2S

LPSC PDF#970418490

LPSC1.5-CommLi2S LPSC1.5-SmetaLi2S

-92.9%

LGPS-CommLi2S LGPS-SmetaLi2S

-27.5%

Li2S-Smeta

330.07

152.66

63.38 58.35 54.37 53.9

14.2

LiH + S LiOH + S Li2SO4 + H2 Li2SO4 + Al
Li2SO4 + Sucrose

LiCl + Na2S This work

Fig. 4 | The properties of kilogram-scale Li2S products and its synthetic
applications in solid sulfide electrolytes. a Large-scale (100g/batch) synthesis of
1 Kg high-purity Li2S-Smeta products. b Rietveld refinement of Li2S-Smeta sample.
c Polarization current-time curves of Li2S-Smeta sample. d Radar plots comparing
the properties among different Li2S synthesis methods. e Total costs of different
Li2S synthesis methods. f Appearance of the LGPS-SmetaLi2S products. g XRD
patterns of LGPS-SmetaLi2S and LGPS-Commercial products.h EIS spectra of LGPS-

SmetaLi2S and LGPS-C Commerical samples. i Comparison of the materials cost
between LGPS-CommLi2S and LGPS-SmetaLi2S. j Appearance of the LPSC1.5-
SmetaLi2S products. k XRD patterns of LPSC1.5-SmetaLi2S and LPSC1.5-Commerical
products. l EIS spectra of LPSC1.5-SmetaLi2S and LPSC1.5-Commerical samples.
m Comparison of the materials cost between LPSC1.5-CommLi2S and LPSC1.5-
SmetaLi2S.
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The corresponding refined XRD patterns of LPSC1.5-SmetaLi2S and
LPSC1.5-CommLi2S showed that the products were phase pure (Sup-
plementary Fig. 10). The SEM image of LPSC1.5-CommLi2S is shown in
Supplementary Fig. 11a, and the corresponding D50 value for LPSC1.5-
CommLi2S products was 0.54μm (Supplementary Fig. 11b). Further-
more, the EIS method also tested the electrochemical performance of
LPSC1.5-SmetaLi2S and LPSC1.5-CommLi2S products. The semi-circle of
LPSC1.5-SmetaLi2S at high frequencieswas about 30.7Ω, comparable to
that (about 31.5Ω) of LPSC1.5-CommLi2S product (Fig. 4l). The calcu-
lated ionic conductivity was 4.1mS/cm for LPSC1.5-SmetaLi2S and
4.0mS/cm for LPSC1.5-CommLi2S samples, which was acceptable for a
typical Li5.5PS4.5Cl1.5 electrolyte3. Based on the current market price
(Supplementary Table 4 and Supplementary Table 13), a huge decline
(92.9%) could be seen when compare the cost of LPSC1.5-SmetaLi2S
than that of LPSC1.5-CommLi2S sample (Fig. 4m). Therefore, the
properties of Li2S-SmetaLi2S products are eligible for scaleable man-
ufacture of sulfide solid electrolyte in low-cost.

To verify that the Li2S synthesized by the metathesis method
proposed in this study can be used as a primary raw material for the

synthesis of sulfide-based solid electrolytes, we have assembled all-
solid-state batteries using the LPSC1.5 (LPSC1.5-SmetaLi2S) synthesized
in this study as an example of a solid electrolyte and compared the
performance of the ASSB assembled with the commercial
Li2S-synthesized LPSC1.5 (LPSC1.5-CommLi2S). The lab-scale ASSB was
constructed using LiCoO2@LiNbO3 (LCO@LNO) and Li-In as positive
electrode and negative electrode, respectively (Fig. 5a). Figure 5b
shows a physical, electronic photograph of an assembled Li-In|LPSC1.5-
SmetaLi2S | LCO@LNO ASSB that can normally light up three LED light
bulbs at ambient temperature, indicating that LPSC1.5-SmetaLi2S is a
pure lithium ionic conductor material having negligible electronic
conductivity. As a comparison, LPSC1.5-CommLi2S was also employed
as an electrolyte for Li-In|LPSC1.5-CommLi2S | LCO@LNO ASSB assem-
bling. Both ASSBs displayed a dQ/dV reduction peak around 3.3V,
indicating the Li+ intercalation/deintercalation from the host lattices of
the positive electrode. In addition, no dQ/dV reduction peak could be
observed below 3.3 V, suggesting the excellent compatibility and sta-
bility of LPSC1.5-SmetaLi2S electrolyte in this voltage region (Fig. 5c)49.
The Li-In|LPSC1.5-SmetaLi2S | LCO@LNO ASSB delivered a discharge
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Fig. 5 | Electrochemical performance comparison between LPSC1.5-SmetaLi2S
and LPSC1.5-CommLi2S solid sulfide electrolyte. a Illustration of the (Li-In or Si)|
LPSC1.5-SmetaLi2S | LCO@LNO ASSB. b A digital picture of Li-In|LPSC1.5-
SmetaLi2S | LCO@LNO ASSB that works at ambient temperature to make the LED
bead light up. c The dQ/dV curves of Li-In|LPSC1.5-SmetaLi2S | LCO@LNO and Li-In|
LPSC1.5-CommLi2S | LCO@LNO ASSB. d Charge–discharge curves of Li-In|LPSC1.5-
SmetaLi2S | LCO@LNO ASSB at 0.05 C (6.85mAg–1, 0.049mA cm–2), 0.1 C
(13.7mAg–1, 0.098mA cm–2) and 0.2 C (27.4mA g–1, 0.195mAcm–2) under 25 °C
with a. e Charge–discharge curves of Li-In|LPSC1.5-CommLi2S | LCO@LNO ASSB at

0.05 C (6.85mAg–1, 0.049mA cm–2), 0.1 C (13.7mAg–1, 0.098mA cm–2) and 0.2 C
(27.4mAg–1, 0.195mAcm–2) under 25 °C. f Rate capability of Li-In|LPSC1.5-
SmetaLi2S | LCO@LNO and Li-In|LPSC1.5-CommLi2S | LCO@LNO ASSB. g The sec-
ond charge–discharge curves of Si|LPSC1.5-SmetaLi2S | LCO@LNO and Si|LPSC1.5-
CommLi2S | LCO@LNO ASSB at 0.1 C (420mAg–1, 11.24mA cm–2) under 25 °C.
h Cycling stability of Si|LPSC1.5-SmetaLi2S | LCO@LNO and Si|LPSC1.5-
CommLi2S | LCO@LNO ASSB. The active material loadings were 7.13mg/cm2 for
LCO and 26.8mg/cm2 for Si.
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capacity of 100.14mAh/g, 75.08mAh/g and 36.75mAh/g at 0.05 C,
0.1 C and 0.2 C (Fig. 5d), which was comparable to that of the Li-In|
LPSC1.5-CommLi2S | LCO@LNO ASSB (Fig. 5e, 100. 48mAh/g,
74.8mAh/g and 35.11mAh/g at 0.05 C, 0.1 C and 0.2C). When the
current density backed to 0.05C, both of the two ASSBs’ discharge
capacity could maintain about 90% of the initial capacity, and no sig-
nificant property divergence was observed in rate capability (Fig. 5f).

To test the electrochemical performanceof LPSC1.5-SmetaLi2S and
LPSC1.5-CommLi2S electrolyte in practical battery systems, the Li-In
negative electrode was displaced by commercial Si for the assembling
of ASSBs (denoted as Si|LPSC1.5-SmetaLi2S | LCO@LNO and Si|LPSC1.5-
CommLi2S | LCO@LNO). As illustrated in Fig. 5g, the second charge/
discharge curves of both ASSBs overlap substantially, confirming
minimal performance divergence. Besides, Si|LPSC1.5-
SmetaLi2S | LCO@LNO offered a discharge capacity of 104mAh/g at
the first cycle, and 68.5% (71.2mAh/g) was retained after the fiftieth
cycle at 0.05 C (6.85mA/g, 0.049mA/cm2). Similarly, Si|LPSC1.5-
CommLi2S | LCO@LNO ASSB could retain 69.7% (72.4mAh/g) of its
initial discharge capacity (103.8mAh/g) after 50 cycles (Fig. 5h). There
is no particularly noticeable electrochemical performance difference
between the two ASSBs based on the same battery assembly condi-
tions, providing preliminary evidence that the Li2S products synthe-
sized by the method proposed in this study have a utility comparable
to that of commercial lithium sulfide but with a higher single-batch
yield, and demonstrating the possible commercial potential for the
large scale and inexpensive synthesis of sulfide-based solid
electrolytes.

Discussion
A solvent-free metathesis strategy, guided by DFT calculations, was
developed for the acalable synthesis of high-purity Li2S at lowcost. The
reaction produces only CO2 and NH3 as gaseous byproducts, which
could be efficiently and automatically separated from the Li2S product
without affecting the chemical equilibrium (ΔGmix ≈0), thereby driving
complete conversion to Li2S without additional purification steps. This
approach enables the production of substantial quantities of Li2S per
batch (approaching 100 g), rendering it highly suitable for cost-effec-
tive, industrial-scale manufacturing. The synthesized Li2S serves as a
direct precursor for conventional sulfide-based solid electrolytes,
including Li10GeP2S12 and Li5.5PS4.5Cl1.5, reducing the projected mate-
rial costs for these sulfide-based solid electrolytes by up to 27.5% and
92.9%, respectively. Notably, all-solid-state batteries assembled with
Li5.5PS4.5Cl1.5 derived from this Li2S exhibit electrochemical perfor-
mance comparable to those counterparts using commercial Li2S.
Overall, this environmentally benign, scalable metathesis approach
may not only substantially lowers the cost of producing sulfide-based
solid electrolytes but also facilitates the practical deployment of all-
solid-state batteries, offering a promising pathway toward sustainable
energy storage technologies.

Methods
Materials synthesis
Synthesis of Li2S. Li2S was synthesized via a solvent-free metathesis
reaction between thiourea and LiOH (Eq. (1)), denoted as HY-Li2S, with
the suffix numbers (600, 700, 800, 900) representing sintering tem-
peratures in °C. Thiourea decomposes above 200 °C to release CS2,
while the reaction of CS2 with LiOH to form Li2S occurs above 400 °C.
To compensateCS2 loss in the 200 °C–400 °Cwindow, excess thiourea
was added. Typically, 2mmol LiOH and 1.2mmol thioureawere mixed
in a 45mL ZrO2 jar with ZrO2 balls, ball-milling at 400 rpm for 8 h,
pelletized at 100MPa, and sintered in a tubular furnace for 8 h under
folowing N2 (99.999%,1 SCCM) with a heating rate of 2 °C/min. Zeolite
molecular sieveswereplaced atboth endsof the tube tomaintain a dry
atmosphere. HY-Li2S-600 was obtained at 600 °C, while HY-Li2S-700,
HY-Li2S-800, andHY-Li2S-900were prepared analogously at 700, 800,

and 900 °C, respectively. Li2S synthesized via metathesis between
thiourea and Li2CO3 (Eq. (8)) is denoted as CA-Li2S, with the suffix
numbers (600, 700, 800) representing sintering temperatures. The
synthesis procedure was identical to that of HY-Li2S, except that
1mmol Li2CO3 and 1.2mmol thiourea were used as precursors. CA-
Li2S-600, CA-Li2S-700, and CA-Li2S-800 were obtained at 600, 700,
and 800 °C, respectively. Li2S-Smeta refers to bulk Li2S obtained from
the scaled-up metathesis reaction. For large-scale production, typi-
cally, Li2S-Smeta was prepared using 104.3 g LiOH and 198.5 g thiourea
under the same ball-milling and sintering conditions asHY-Li2S, except
that a 1 L ZrO2 jar and larger quantities of milling media were
employed. The products were sintered at 800 °C for 8 h, and the
exhaust gas was passed through a Ca(OH)2 solution to capture
byproducts. Thiourea, LiOH, P2S5, and Li2CO3 (all 99.9wt.% purity)
were obtained from Energy Chemical Co., Ltd., Shanghai, China.
Ca(OH)2 (90wt.% purity) was obtained fromEnergyChemical Co., Ltd.,
Shanghai, China and used to prepare the aqueous solution.

Synthesis of classical sulfide solid electrolytes. LGPS and LPSC1.5

were synthesized using either Li2S-Smeta or commercial Li2S as the
lithium sulfide source, denoted as LGPS-SmetaLi2S/LGPS-CommLi2S
and LPSC1.5-SmetaLi₂S/LPSC1.5-CommLi2S, respectively. Stoichio-
metric amounts of the corresponding precursors were ball-milled at
400 rpm for 8 h in a 1 L ZrO2 jar, pelletized at 100MPa and sealed in
evacuated tubes (2 × 10−3 Pa). LGPS samples were sintered at 550 °C for
8 h, while LPSC1.5 samples were sintered at 500 °C for 12 h, both with a
heating rate of 2 °C/min. LiCl, P2S5 and commercial Li2S (all 99.9wt.%
purity) were obtained from Energy Chemical Co., Ltd., Shang-
hai, China.

Electrochemical measurements
AC impedance measurements were conducted to determine ionic
conductivities of 10mm diameter SE pellets prepared at 303MPa in
polyaryletherketone molds. A symmetric cell configuration (SS | SE |
SS) was employed at 25 °C using a Bio-Logic VSP-300 electrochemical
workstation. Impedance spectra were recorded with 15mV perturba-
tion over 1 Hz-7MHz frequency range, with each samplemeasured 2–3
times for consistency. The ionic conductivity was determined from the
ohmic resistance at the high-frequency intercept of the semicircle in
the EIS spectra. Due to the idealized nature of the spectra and the small
resistance (~30Ω), this method provides an accurate estimation, con-
sistent with equivalent-circuit fitting. The electrical conductivity was
investigated by the Hebb-Wagner polarization method50.

Electrodes and cell assembly
All-solid-state batteries were assembled using the synthesized
Li5.5PS4.5Cl1.5 (LPSCl1.5) in an Ar-filled glovebox (O2, H2O <0.1 ppm).
Approximately 100mg of LPSCl1.5 powder was cold-pressed into
10mmdiameter pellets at 227MPa. Largeparticleswere removed from
the powder using a 10μm mesh sieve prior to pellet formation. The
Li–In alloy negative electrode was prepared in situ by sequentially
stacking indium and lithium foils (0.1mm thick, 5mm diameter,
99.9wt.%, MTI Corporation, Shenzhen, China) onto the electrolyte
pellet and cold-pressing at 250MPa for 1min. The positive electrode
comprised either LiNbO3-coated LiCoO2 (LCO@LNO,
1 C = 137mAhg−1) or Si (1 C = 4200mAhg−1, D50= 600nm), each
mixed with LPSCl1.5 at a weight ratio of 7:3. The LCO@LNO and Si
powders (99.9wt.% purity, MTI Corporation, Hefei, China) were used
as received. Cathode composites were pressed onto Al mesh
(0.055mm thick, 10mm diameter, pore size 0.4 × 1.5mm) and Al foil
current collectors (0.1115mm thick, 10mm diameter). The positive
electrode contained 5.6mg of LCO active material (loading:
7.13mg cm−2), while the negative electrode contained 21mgof Si active
material (loading: 26.8mgcm−2), resulting in an N/P ratio of 115.0 for
the Si-based cell. The battery assembly method was akin to those
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documented in previous reports51. During full cell assembly, the
electrode–electrolyte stack was cold-pressed at 200MPa to ensure
intimate contact, and this pressure was maintained throughout elec-
trochemical testing. Charge–discharge measurements were per-
formedusing a LANHECT2001A system (Wuhan LAND Electronics Co.,
Wuhan, China) at 0.05 C (6.85mAg−1, 0.049mA cm−2), 0.1 C
(13.7mAg−1, 0.098mAcm−2), and0.2 C (27.4mAg−1, 0.195mA cm−2) for
LCO@LNO-based cells and at 0.1 C (420mAg−1, 11.24mA cm−2) for Si-
based cells. Li–In half-cells were cycled between 1.9–3.6 V (vs. LiIn/Li+),
while Si-based cellswere cycled between 2.4–4.0V. All electrochemical
measurements were conducted at 25 ± 0.5 °C in a temperature-
controlled chamber under static air. Multiple independent cells were
tested, and the data presented represent typical trends.

Physical characterization
SEM: SEM images were obtained on a JEOL JSM-6390 micro-
scope (Japan).

XRD: Phase identification of the synthesized materials was per-
formed using X-ray diffraction with CuKα1 radiation on a Bruker D6
Phaser system (Germany). To prevent moisture exposure, samples
were handled in an inert atmosphere and protected with polyimide
film (Meixin Co., Dongguan, China) during analysis. Diffraction pat-
terns were recorded from 10° to 70° in 2θ with 0.01° increments.
Powder diffraction data were analyzed through Rietveld refinement
using the GSAS software package. Crystal structures visualization was
accomplished with VESTA and 3ds Max programs.

TG/DTA-FTIR: Thermal decomposition behavior was investigated
using simultaneous TG/DTA-FTIR analysis with a Netzsch STA449F3
thermal analyzer (Germany) coupled to a Nicolet IS20 FTIR spectro-
meter (USA). Sample masses of 4 ±0.02mg were loaded in Al2O3

crucibles and subjected to controlled heating (50–800 °C, 10 °C/min)
under flowing argon (50mL/min). The transfer line was maintained at
255 °C to prevent condensation of evolved gases. FTIR detection cov-
ered 400-4000 cm−1 with 8 cm−1 resolution.

TG/DTA-MS Analysis: Evolved gas analysis was performed using
combined TG/DTA-MS instrumentation comprising a Netzsch
STA449F3 analyzer (Germany) interfacedwith a QMS403 Aeolosmass
spectrometer (Germany). Samples (4 ± 0.02mg) in Al2O3 crucibles
underwent thermal treatment from 50-800 °C at 10 °C/min under
argon flow (50mL/min). The heated capillary connection (265 °C)
prevented vapor condensation during transfer. Mass spectrometric
detection employed MID mode monitoringm/z ratios of 17, 18, 42, 44
and 76 for key fragment identification. Argon purging (1 h) preceded
measurements to establish inert conditions.

ICP testing: The elemental composition of the Li2S-Smeta sample
was conducted by using ICP-OESmeasurements (Agilent 5110, America).
The PumpRatewas 60 r/min; Plasmagaswas 12.0 L/min; Nebulizer Flow
was 0.70 L/min, Auxiliary Gas was 1.0 L/min, RF Power was 1250W.

High-frequency infrared carbon–sulfur analyzer testing: The car-
bon content of the Li2S-Smeta sample was conducted by using High-
frequency infrared carbon–sulfur analyzer (HCS-140, China). The
Oxygen flow rate was 1.5 L/min, Purge timewas 20S, Integration Delay
was 10 S, O2 Supply Pressure was 0.25MPa.

Raman spectra characterization: Raman spectroscopy was con-
ducted using a Horiba LabRAM single-stage system (Japan) equipped
with a Symphony CCD detector (Jobin Yvon, France) featuring 2048
horizontal pixels. An Ar+ laser (514 nm) was employed at power levels
below 0.1mW to prevent sample damage, providing 3.0 cm−1 spectral
resolution. Measurements were obtained from ~1 μm2 focal areas on
the sample surface.

First-principle calculation: The density functional theory (DFT)
calculations were performed using the Vienna Ab initio Simulation
Package (VASP)52. Exchange-correlation effects were treated with the
Perdew–Burke–Ernzerhof (PBE) functional under generalized gradient

approximation (GGA)53, employing projectoraugmented-wave pseu-
dopotential (PAW)54 with a 500 eV plane-wave cut-off for basis set
expansion. Brillouin zone sampling utilized a Γ-centered 5 × 5 × 5
Monkhorst-Pack mesh, while structural optimization continued until
convergencecriteria of 1 × 10−5 eV (energy) and0.03 eV/Å (forces)were
satisfied. Van derWaals interactionswere incorporated throughDFT-D
dispersion corrections55. Gibbs free energy change (ΔG) was evaluated
using the computational hydrogen electrode (CHE) model as follows:

ΔG=ΔE +ΔZPE� TΔS ð9Þ

Here, ΔE represents the reaction energy difference between
adsorbed reactants and products, ΔS denotes entropy contributions,
and ΔZPE accounts for zero-point energy correction to the Gibbs free
energy.

Data availability
Source Data file and DFT calculations data have been deposited in
Figshare under accession code DOI link https://doi.org/10.6084/m9.
figshare.29519825.
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