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1. Introduction

The demand for high-performance, long-lasting energy storage devices
has intensified with the rapid growth of renewable energy sources,
portable electronics, and electric vehicles. To meet this demand,
lithium-ion batteries (LIBs) have become the dominant energy storage
technology due to their high energy density, long cycle life, and excel-
lent charge/discharge efficiency.[1,2] However, the widespread applica-
tion of conventional liquid electrolyte-based LIBs is hindered by safety
concerns, limited energy density, and environmental issues.[3,4] To

address these challenges, there has been an
increasing interest in all-solid-state lithium
metal batteries (ASSLMBs), which promise
enhanced safety, wider operating temperature
ranges, and the potential for higher energy
densities.[5–7] To enable ASSLMBs, numerous
solid electrolytes (SEs) based on various anion
chemistry have been developed, such as sul-
fides, oxides, halides, oxyhalides, and solid
polymers.[8–12] Among these choices, sulfide
SEs demonstrate the highest ionic conductivity
(e.g., 32mS cm�1) at room temperature.[13]

Therefore, sulfide-based all-solid-state batteries
have demonstrated high power density,
ultra-long cycling life, and outstanding
low-temperature capacity retention.[14,15]

Despite the impressive electrochemical perfor-
mance of sulfide-based all-solid-state batteries,
several challenges have impeded their commer-
cialization, especially the poor air stability of
sulfide SEs and lithium dendrite growth.[16–18]

The former brings the release of harmful H2S,
which increases the manufacturing cost and
environmental concerns. The latter leads to
short-circuit and thermal runaway, which pose

a major safety concern. The formation of lithium dendrites is primarily
attributed to uneven lithium deposition and the presence of defects in
sulfide SEs, causing high localized electric field concentration.[6,7]

Extensive studies have been conducted to address the aforemen-
tioned issues. Representative strategies, such as H2S adsorbents, element
doping, and surface engineering, have been employed to enhance the
air stability of sulfide SEs. The physically blend of ionic insulating addi-
tives (Bi2O3,

[19] FeS,[20] ZSM-5 zeolite[21]) with sulfide SEs can adsorb
or decompose H2S gas. However, this process adversely affects ionic
conductivity and does not offer significant enhancement for the air sta-
bility of sulfide SEs. Based on the soft hard acid base theory, oxygen
(O) was employed instead of sulfur (S)[22,23] or a soft acid instead of
phosphorous (P)[24,25] to impede the hydrolysis reaction. Furthermore,
a water–oxygen inert surface coating can also be constructed to avoid
the formation of H2S.

[26,27] Meanwhile, significant advancements have
been made in the investigation of preventing the growth of lithium
dendrites. Overall, strategies for inhibiting lithium dendrites can be
divided into three broad categories: modification of the electrolyte itself
(bulk phase doping,[28,29] surface coating,[30,31] electrolyte hybrid
composite[32,33]), introduction of interlayers,[34,35] and optimization of
lithium anode design (lithium surface engineering[36–38] or substitu-
tion of lithium anode[39–41]). Up to now, a considerable amount of lit-
erature related to the surface coating engineering have been published
to significantly improve the air stability of sulfide SEs or the interface
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All-solid-state lithium metal batteries (ASSLMBs) featuring sulfide solid
electrolytes (SEs) are recognized as the most promising next-generation
energy storage technology because of their exceptional safety and
much-improved energy density. However, lithium dendrite growth in sulfide
SEs and their poor air stability have posed significant obstacles to the
advancement of sulfide-based ASSLMBs. Here, a thin layer (approximately
5 nm) of g-C3N4 is coated on the surface of a sulfide SE (Li6PS5Cl), which not
only lowers the electronic conductivity of Li6PS5Cl but also achieves
remarkable interface stability by facilitating the in situ formation of
ion-conductive Li3N at the Li/Li6PS5Cl interface. Additionally, the g-C3N4

coating on the surface can substantially reduce the formation of H2S when
Li6PS5Cl is exposed to humid air. As a result, Li–Li symmetrical cells using
g-C3N4-coated Li6PS5Cl stably cycle for 1000 h with a current density of
0.2 mA cm�2. ASSLMBs paired with LiNbO3-coated LiNi0.6Mn0.2Co0.2O2 exhibit
a capacity of 132.8 mAh g�1 at 0.1 C and a high-capacity retention of 99.1%
after 200 cycles. Furthermore, g-C3N4-coated Li6PS5Cl effectively mitigates the
self-discharge behavior observed in ASSLMBs. This surface-coating approach
for sulfide solid electrolytes opens the door to the practical implementation
of sulfide-based ASSLMBs.
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stability of Li/sulfide SEs. However, the production of H2S is not funda-
mentally inhibited.[42–44] Hence, a promising surface coating strategy
that can simultaneously significantly decrease the generation of H2S and
suppress dendrite formation remains lacking. g-C3N4, as a 2D polymer
semiconductor material with a low electronic conductivity, is com-
monly used to prevent the formation of lithium dendrites for lithium
metal batteries.[45–47] Despite this, the application of g-C3N4 in sulfide
solid-state lithium batteries is a topic seldom explored.

In this work, we coat a representative sulfide SE (Li6PS5Cl) with a
thin layer of g-C3N4, which not only suppress lithium dendrite forma-
tion but also improve the air stability of sulfide SEs. By coating different
proportions of g-C3N4 (0, 3, 5, and 10wt%) on the surface of Li6PS5Cl
particles through ball milling, it is found that g-C3N4 with an opti-
mized amount of 5% can effectively lower the electronic conductivity
of Li6PS5Cl and facilitate the in situ formation of ion-conductive Li3N at
the Li/Li6PS5Cl interface upon electrochemical cycling, thus effectively
inhibiting lithium dendrite formation. Additionally, g-C3N4 coating on
the surface enhances the humid air stability of Li6PS5Cl. As a result, the
ASSLMBs with 651-5% are able to attain a stable long cycle and
high-capacity retention rate. The Li–Li symmetric battery with 651-5%
exhibits minimal overpotential after cycles of 1000 h at 0.2mA cm�2.
This effective and concise method holds significant implications for the
progress of ASSLMBs with enhanced safety and durability.

2. Results and Discussion

Figure 1a presents the schematic diagram of g-C3N4 and 651-x% prep-
aration process. The layer g-C3N4 was obtained by calcining urea in a
muffle furnace under ambient air at 550 °C. Different proportions of
g-C3N4 and Li6PS5Cl were mixed by ball milling to obtain

g-C3N4-coated Li6PS5Cl (651-x%). As shown
in Figure 1b, the XRD patterns show that the
peaks at �13° and�27° correspond to the
(100) and (002) crystal faces of g-C3N4, repre-
senting the in-plane ordering of the triazine
ring and the tight stacking of the aromatic sys-
tem between the planes, respectively. These
results demonstrate the successful preparation
of g-C3N4.

[48] Li6PS5Cl was successfully pre-
pared with a cubic argyrodite-type structure,
and its peak position agrees well with the
known JCPDS card (34–0688).[48] The XRD
patterns for 651-3%, 651-5%, and 651-10%
exhibited weak peaks at around 27°, but no
visible hybrid peaks, which indicates the suc-
cessful coating of g-C3N4 on Li6PS5Cl surface
without side reactions. This conclusion is fur-
ther corroborated by Raman spectra analysis.
The peaks located at 469, 715, 755, and
982 cm�1 denote the breathing pattern of the
triazine ring, and the peak at 1238 cm�1 repre-
sents the bending mode of –NH2, which
validates the successful preparation of
g-C3N4.

[49,50] The five characteristic peaks of
Li6PS5Cl at 196, 265, 425, 577, and 600 cm�1

represent the vibration mode of PS4
3�, which

verifies successful preparation of Li6PS5Cl with
a cubic argyrodite-type structure.[51] Compared

to Li6PS5Cl, the 651-x% (x= 3, 5, 10) exhibited no impurity peaks,
suggesting excellent chemical stability between g-C3N4 and Li6PS5Cl.
No discernible peak characteristic of g-C3N4 was observed in the 651-x
% (x= 3, 5, 10). It is assumed that the strength of the Li6PS5Cl peak is
considerable so that the characteristic peak of g-C3N4 is imperceptible.
Overall, the XRD and Raman analyses prove the successful synthesis of
g-C3N4 and Li6PS5Cl, and their excellent chemical compatibility.

Furthermore, scanning electron microscopy (SEM) and
high-resolution transmission electron microscopy (HRTEM) were used
to analyze the microscopic morphology of these materials. As shown in
Figure S1a, Supporting Information, the average particle size of Li6PS5Cl
was approximately 500 nm when 651-x% was pressed into electrolyte
sheets. With the introduction of g-C3N4 (Figure S1b–d, Supporting
Information), the morphology of 651-x% (x= 3, 5, 10) particles
underwent significant changes. The g-C3N4 filled in the particle gap
was distinctly visible. As illustrated in the HRTEM image of 651-5%
(Figure 2a), the crystal face spacing of 0.269 nm corresponds to the
(222) crystal face of Li6PS5Cl, aligning with the XRD and Raman analy-
sis outcomes, demonstrating the successful synthesis of Li6PS5Cl. More-
over, Figure 2a exhibits a uniform amorphous coating layer
(approximately 5 nm) on the outer surface of Li6PS5Cl particles, further
confirmed by the HAADF-STEM and EDS spectra (Figure 2b–g). Over-
all, 5% g-C3N4 is coated on the surface of Li6PS5Cl particles, simulta-
neously filling the space between the particles.

The ionic conductivity measurement results were calculated based
on the impedance spectra of cells with 651-x% solid electrolytes at
25 °C (Figure S2, Supporting Information) using Formula 1.1. As illus-
trated in Figure 2h, the ionic conductivity of 651-x% electrolytes grad-
ually decreased (from 1.82× 10�3 to 0.28× 10�3 S cm�1) with
increasing g-C3N4 coating, attributed to the insufficient ionic conduc-
tivity of the g-C3N4. Furthermore, the activation energy is determined

Figure 1. a) Schematic diagram of g-C3N4 and 651-x% solid electrolytes preparation. b) X-ray
diffraction (XRD). And c) Raman spectra of g-C3N4 and 651-x% solid electrolytes.
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from the slope of Arrhenius plots of the cells with 651-x% solid elec-
trolytes at different temperatures (Figure S3a, Supporting Information)
using Formula 1.2. It is noteworthy that the activation energy reached
its minimum (0.39 eV) when the g-C3N4 coating amount was 5%
(Figure S3b, Supporting Information). Additionally, the electronic con-
ductivity measurement data were obtained based on the current–time
curves of 651-x% (Figure S4a–d, Supporting Information) using For-
mula 1.3. As a result, the electronic conductivity of 651-x% electrolytes
gradually decreased from 1.05× 10�9 to 0.29× 10�9 S cm�1

(Figure 2i). The decrease may be attributed to the low electronic con-
ductivity of g-C3N4. These analyses suggest that Li6PS5Cl coated with
5% g-C3N4 facilitates favorable Li+ transfer and electron insulation,
while also exhibiting a low activation energy.

In practical terms, the humid instability of Li6PS5Cl restricts its
application in ASSLMBs. To investigate the effect of g-C3N4 coating on
the air stability of the electrolytes, an air stability experiment was con-
ducted with 651 and 651-5%. XPS spectra of 651 and 651-5% before
and after air exposure are presented in Figure 3 and Figure S5, Sup-
porting Information. In the P2p spectrum of 651 (Figure 3a), it is evi-
dent that P–O bonds (at 132.9 and 133.9 eV) formed due to the
hydrolysis reaction of PS4

3� when exposed to humid air.[51] Sulfates
(168.8 eV) and sulfites (166.9 eV) present in the S2p spectrum

(Figure S5a, Supporting Information) validate the oxidation of 651.[52]

The XPS spectra of 651-5% showed almost no by-product peaks in the
P2p and S2p spectra after exposure, unlike those of 651 (Figure 3b
and Figure S5b, Supporting Information). Furthermore, XRD spectra of
651 and 651-5% before and after exposure to air are shown in
Figure 3c. For 651, the peak intensity of POxSy, sulfate, and sulfite
increased significantly after exposure for 3 h. Conversely, there was no
significant change observed in the peak intensity of 651-5% after
exposure to air. The aforementioned XPS and XRD analyses suggest
that a 5% g-C3N4 coating can decrease the formation of by-products
when 651-5% is exposed to humid air. Additionally, as shown in
Figure 3d, the ionic conductivity was calculated based on the imped-
ance spectra of 651 and 651-5% solid electrolytes before and after air
exposure (Figure S6, Supporting Information). After exposure, the
ionic conductivity (25 °C) of 651 after exposure decreased from 1.82
to 0.95mS cm�1, resulting in an ionic conductivity retention of 52%.
In contrast, the ionic conductivity of 651-5% decreased from 0.6 to
0.45mS cm�1, resulting in an ionic conductivity retention of 72%.
This indicates that the addition of 5 wt% g-C3N4 can effectively retard
the decline in ionic conductivity. Overall, it is evident that 5% g-C3N4

coating on Li6PS5Cl can considerably enhance its humidity stability
while maintaining satisfactory ionic conductivity.

Figure 2. a) HRTEM, b) HAADF-STEM, and c–g) energy dispersive spectroscopy (EDS) of 651-5% solid electrolyte. h) Ionic conductivities and i) electronic
conductivities of 651-x% solid electrolytes.
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To investigate the impact of g-C3N4 coating on lithium dendrite for-
mation, the cycle performance of the Li–Li symmetric batteries with
651-x% was conducted at 0.2mA cm�2 and 0.2mAh cm�2 (Figure
4). The voltage polarization of the Li–Li symmetric battery with 651-
5% cycling for 1000 h was remarkably smaller, measuring only 17mV
(Figure 4c). It is noteworthy that this cycle performance is superior to
many reported studies on lithium/sulfide SEs interface modification
(Table S1, Supporting Information). These results indicate
much-improved stability at the interface between 651-5% and lithium
metal. This stability may be attributed to the formation of a interphase
with high ionic conductivity resulting from the reaction between the
651-5% electrolyte and lithium metal. Additionally, the low ionic con-
ductivity of g-C3N4 on particle surfaces and interparticle impedes the
flow of electron into the electrolyte, effectively preventing the growth
of lithium dendrites into the electrolyte. In contrast, the symmetric bat-
tery with 651 experienced a short circuit for approximately 100 h. The
voltage polarization of batteries with 651-3% and 651-10% reached
49mV (after 1000 h) and 50mV (after 850 h), respectively. The
high-voltage polarization of the symmetric battery with 651 and 651-
3% is attributed to the generation of by-product with low ionic con-
ductivity and an increase in interface impedance. However, the exces-
sive coating of g-C3N4 also results in poor ionic conductivity and
increased polarization for the symmetric battery with 651-10%. This
suggests that a 5% g-C3N4 coating enhances the cycle performance of
the Li–Li symmetric battery with 651-5%.

To further investigate the inhibition effect of g-C3N4 coating on lith-
ium dendrite formation, we conducted critical current density (CCD)
tests on Li–Li symmetric cells with 651 and 651-5%. As shown in
Figure S7a, Supporting Information, the Li–Li symmetrical battery with
651 experienced a short circuit at a current density of 0.5mA cm�2,
resulting in a CCD of 0.4mA cm�2. In contrast, the Li–Li symmetrical

battery with 651-5% exhibited a CCD of
1mA cm�2, and a short circuit occurred when
the current density reached 1.5mA cm�2

(Figure S7b, Supporting Information). Com-
pared to other reported studies on lithium/sul-
fide SEs’ interface modification, the superior
CCD and areal capacity value are shown in
Table S2, Supporting Information. The
enhanced CCD of the Li–Li symmetrical battery
with 651-5% may be attributed to forming an
interphase with high ionic conductivity
between 651-5% and lithium metal. This inter-
phase promotes uniform deposition of lithium
and homogenizes the flow of Li+. Additionally,
the g-C3N4 coating, with lower electronic con-
ductivity, hinders the movement of electrons
into the electrolyte phase. It is speculated that
these factors collectively inhibit the growth of
lithium dendrites.

To comprehend the inhibition capacity of
g-C3N4 coating on lithium dendrites at elevated
areal capacity of 0.5mAh cm�2, we examined
the rate performance of the Li–Li symmetrical
battery with 651 and 651-5% at 0.1, 0.25, and
0.5mA cm�2 (Figure S8, Supporting Informa-
tion). The Li–Li symmetrical battery with 651
displayed a sudden drop in overpotential when
the current density reached 0.25mA cm�2,

implying the occurrence of a noticeable short circuit. In comparison,
the overpotential of the Li–Li symmetrical battery with 651-5% was
only approximately 100mV after 50 cycles at 0.5mA cm�2. Thus, the
g-C3N4 coating can effectively inhibit the growth of lithium dendrites
even with increased areal capacity, possibly due to the reaction of
g-C3N4 with the Li anode to form Li3N with high ionic conductivity,
homogenizing lithium deposition. Additionally, g-C3N4, with insuffi-
cient electronic conductivity, can impede electron transfer to the elec-
trolyte phase and alleviate the formation of dendrites.

ASSLMBs with 651-x% electrolytes were assembled to evaluate the
influence of g-C3N4 coating on electrochemical performance. Figure 4e
illustrates the cycling performance of ASSLMBs with 651-x% electro-
lytes at 0.1 C. As displayed in Figure S9, Supporting Information, the
discharge capacity of ASSLMBs for the initial cycle at 0.1 C was 142.1,
137.4, 134.0, and 132.0mAh g�1, respectively. The corresponding
coulombic efficiency was as follows: 82.49%, 81.54%, 81.32%, and
80.65%. Notably, ASSLMBs with 651-5% exhibited a discharge capacity
of 5mAh g�1 lower than that of ASSLMBs with 651. This may be
attributed to the presence of g-C3N4, which reduces the ionic conduc-
tivity and hinders the electrochemical reaction kinetics. This is evi-
denced by the charge transfer impedance (Rct) of ASSLMBs with 651
and 651-5% (285.97 and 316.3Ω) (Figure S10, Supporting Informa-
tion). After 200 cycles, the discharge capacity was 26.9, 71.4, 132.8,
and 47.5mAh g�1, and the retention rate was 18.9%, 51.9%, 99.1%,
and 36%, respectively. The outstanding cycle performance of ASSLMBs
with 651-5% outperforms the most reported studies listed in Table S3,
Supporting Information. These results suggest that the g-C3N4 coating
of 5% can effectively hinder the growth of lithium dendrites and
enhance the cycle performance of ASSLMBs.

To further investigate the impact of g-C3N4 coating on lithium den-
drites and interface stability, the cycle rate and areal loading of ASSLMBs

Figure 3. a, b) P2p X-ray Photoelectron Spectroscopy (XPS) spectra, c) XRD, d) Ionic conductivity of
651 and 651-5% solid electrolytes before and after air exposure.
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with 651-5% were increased. As the current density increased to 0.5 C
(Figure S11b, Supporting Information), it can be seen that the ASSLMBs
with 651 and 651-5% exhibited the discharge capacities of 96.29,
96.08, and 113.57, 97.1mAh g�1, respectively, for the first and sec-
ond cycles at 0.5 C (Figure S12, Supporting Information). The corre-
sponding coulombic efficiency was 70.7%, 96.2%, and 75.89%,
98.8%, respectively. A short circuit was observed for the ASSLMBs with
651 for only 5 cycles, causing a decrease in coulombic efficiency (from
96.2% to 25.1%). The extended charging process further confirms the
occurrence of a short circuit. However, the ASSLMBs with 651-5% still
exhibited a discharge capacity of 64mAh g�1 after 64 cycles, and a
capacity retention rate of approximately 66%. The findings suggest that
even at 0.5 C, 651-5% continues to demonstrate a strong inhibitory
effect on lithium dendrites. As illustrated in Figure S13, the Supporting
Information, under the increased loading of cathode active materials,
the cycle performance of the ASSLMBs with 651 and 651-5% also
affirms the aforementioned conclusions. The discharge capacity during
the initial cycle at 0.05 C was 103.8 and 109.4mAh g�1, and the cor-
responding coulombic efficiency was 71.5% and 74.4%, respectively
(Figure S14, Supporting Information). The capacity retention rate of
the ASSLMBs with 651 for 33 cycles was 20.5%, whereas that with
651-5% for 100 cycles was 59.7%. This further manifests that the 5%
g-C3N4 coating can efficiently restrain lithium dendrite growth.

The rate performance test of the ASSLMBs with 651 and 651-5%
was also carried out to verify the inhibition of g-C3N4 on lithium den-
drites. As illustrated in Figure 4f, the discharge capacity of the ASSLMBs
with 651-5% at various rates was higher compared to those with 651,
indicating improved rate performance. When the rate was as high as 2
C, basically no capacity was released for the battery with 651, while the
battery with 651-5% still achieved a discharge capacity of
61.8mAh g�1. In addition, upon the rates reverting back to 0.1 C, the
discharge capacity of the ASSLMBs with 651 was 114mAh g�1, while
those with the 651-5% rised to 134.7mAh g�1. Evidently, as the rate

increased to 1 C, the charging curve of ASSLMBs with 651 depicted
abnormal behavior (Figure S15a, Supporting Information), indicating
micro-short circuit due to dendrite growth. Moreover, no capacity was
released at 2 C. In contrast, the charge and discharge curve of the
ASSLMBs with the 651-5% was normal (Figure S15b, Supporting Infor-
mation), signifying that 5% g-C3N4 coating can efficiently inhibit the
growth of dendrites.

To assess the impact of g-C3N4 coating on the self-discharge behavior
of the batteries, the ASSLMBs with 651 and 651-5% underwent a
self-discharge experiment. As shown in Figure 4g, the batteries reached
a stable state after 3 cycles at 0.1 C, with corresponding coulombic effi-
ciency of 98.4% and 99.6%, respectively. After being fully charged to
4.3 V, the battery was left to stand for 168 hours before being dis-
charged to 2.5 V. The coulombic efficiency of ASSLMBs with 651
decreased by 18.2% (80.2%), and the self-discharge behavior was severe
due to the non-negligible electronic conductivity of 651. In contrast,
ASSLMBs with 651-5% exhibited a mere 3.9% reduction (95.7%) in
coulombic efficiency, nearly five times lower than the self-discharge rate
of ASSLMBs with 651. The voltage curve (Figure S16, Supporting Infor-
mation) indicates that ASSLMBs with 651-5% experience slower voltage
drops, suggesting that the g-C3N4 coating can reduce the electronic con-
ductivity of 651-5%, thereby improving self-discharge behavior.

To examine the interface reaction and evolution of Li–Li symmetric
batteries with 651 and 651-5% electrolytes at various cycles (0, 1, 2,
10, 30, 50, and 100 cycles), in situ Electrochemical Impedance Spec-
troscopy (EIS) measurement of the batteries was conducted on the bat-
teries (Figure 5a,d), and the resultant data were analyzed using
DRT.[53] Based on the DRT results (Figure 5b,c), the peak areas of τ1
(about 10�6 s) and τ3 (1–10 s) for the Li–Li symmetric battery with
651 initially increased significantly with cycling. This suggests that an
interface reaction occurred between Li metal and 651 during cycling,
leading to the generation of an interfacial layer with a low ionic
conductivity.[54] Consequently, the interface impedance increased. The

Figure 4. a–d) Cycle performance of Li-Li symmetric cells with 651-x% solid electrolytes at 0.2 mA cm�2. e) Cycle performance of ASSLMBs with 651-x% solid
electrolytes at 0.1 C. f) Rate performance of ASSLMBs with 651 and 651-5% solid electrolytes. g) Charge and discharge curves of ASSLMBs with 651 and 651-
5% solid electrolytes after standing for a week under fully charged state.
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peak area sharply decreased when the Li–Li symmetrical battery with
651 was cycled for 50 and 100 cycles, indicating the occurrence of a
short circuit. However, for the Li–Li symmetric battery with 651-5%
(Figure 5e,f), the peak area of τ1 (about 10�6 s), τ2 (10�1–1 s), and
τ3 (1–10 s) exhibited a gradual decrease as the cycle number increased.
This observation indicates a decline in interface impedance, which can
be attributed to the generation of the Li3N interface layer resulting from
the reaction of Li metal and the g-C3N4. The DRT analysis results indi-
cate that the in situ Li3N intermediate layer leads to relatively uniform
Li+ flow, efficiently restraining the formation of lithium dendrites.[45]

To examine the interface composition of the battery interface dur-
ing cycling, the electrolytes obtained from Li–Li symmetric batteries
with various cycles were subjected to XPS analysis. For XPS spectra of
651 electrolyte for Li–Li symmetrical battery at different cycles
(Figure S17, Supporting Information), it is observed that the peak
area of PS4

2�, intrinsic to the 651 electrolyte, gradually decreased
with the progression of the cycle. Simultaneously, the peak area of
decomposition by-product P2Sn increased gradually, and the interface
reaction by-product such as Li2Sn, Li2S, and reduced phosphorous
products also showed a gradual increase. This indicates that the
decomposition and interface reactions continue to occur during the
cycles. In contrast, for Li–Li symmetric batteries with 651-5%, XPS

analyses of S, P, and N elements of 651-5% at different cycles are
presented in Figure 5g–i. The peak area of PS4

2�, inherent in 651-
5% solid electrolyte, decreased gradually. In addition, the peak area
of decomposition by-product P2Sn increased gradually but less than
that of 651 electrolytes. This finding indicates that the g-C3N4 coating
can effectively inhibit the decomposition reaction of 651 electrolyte.
Moreover, the by-products of interfacial reactions, such as Li2Sn, Li2S,
and reduced phosphate-containing products, were observed only
when the cycle surpassed 200, indicating that the coating of g-C3N4

exerts some inhibitory effect on the reaction between the lithium and
Li6PS5Cl. Furthermore, the peak area of Li3N in N 1 s spectra
increased gradually, indicating that g-C3N4 and Li anode continue to
react and produce Li3N with high ionic conductivity upon cycling.
This enables the uniform deposition of Li and effectively inhibits lith-
ium dendrite formation.

To further verify the impact of g-C3N4 coating on the post-cycle
interface of Li–Li symmetric batteries, Raman tests of the electrolyte
interface obtained from the post-cycle Li–Li symmetric batteries were
conducted. Raman spectra of the electrolyte interface of the Li–Li sym-
metric battery with 651 after cycling (Figure S18, Supporting Informa-
tion) displayed a fresh peak of Li2S (379.7 cm

�1) alongside the typical
651 peak. In contrast, for the Li–Li symmetric battery with 651-5%, a

Figure 5. Impedance spectra and the corresponding distribution of relaxation times (DRT) transformation of the Li-Li symmetric batteries with a–c) 651 and
d–f) 651-5% solid electrolytes at various cycles. g) P2p, h) S2p, and i) N1s XPS spectra of the Li-Li symmetric batteries with 651-5% solid electrolyte at
various cycles.
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new Li3N peak at about 600 cm�1 appeared with no detectable Li2S
peak. This indicates that the presence of g-C3N4 can well suppress the
side reaction between 651 and lithium metal. Moreover, the presence
of Li3N with high ionic conductivity further supports the XPS analysis
results discussed above.

SEM and EDS tests were further conducted to determine the elemen-
tal distribution across the cross-section of the electrolytes sheet in Li–Li
symmetric batteries with 651 and 651-5% after cycling. The presence
of Li dendrites in the electrolyte phase can be deduced from the uneven
distribution of S, P, and Cl elements in the EDS image of the 651 elec-
trolyte sheets post-cycles (Figure S19, Supporting Information). This is
attributed to the high electronic conductivity of 651, leading to the
reduction of Li+ by electrons entering the electrolyte phase. In the Li–Li
symmetrical battery with 651-5%, the distribution of elements (S, P,
Cl, C, and N) in the 651-5% electrolyte sheets remained uniform even
after 200 cycles. It can be inferred that the presence of g-C3N4 coating
effectively hinders the electron transfer to the 651-5% electrolyte phase,
thereby inhibiting the growth of Li dendrites in the electrolyte.

Density functional theory (DFT) theoretical calculation, including
electrostatic potential and PDOS, were further employed to explain the
mechanism of lithium dendrites inhibition using g-C3N4 coating. Opti-
mal configuration diagram of different interfaces (Li–Li6PS5Cl, Li-g-C3-
N4, and Li6PS5Cl-g-C3N4) is displayed in Figure S21, Supporting
Information. After being unified into a heterojunction interface model,
the three interfaces exhibited good stability after optimization, with no
observable chaos or reconstruction. Figure 6a–c displays the calculated
electrostatic potential of the three interfaces with corresponding values
of 3.23, 3.68, and 4.38 eV, respectively. Significant barriers existed for
electrons flowing from Li to g-C3N4 or from Li6PS5Cl to g-C3N4, both
exceeding the barriers for electrons flowing from Li to Li6PS5Cl. This
suggests that Li+ can easily penetrate the bulk phase of Li6PS5Cl, where
reduction occurs, rather than at the interface. The electrostatic potential
(3.68 eV) between Li and g-C3N4 implies an energy barrier that must
be overcome (3.68 eV) when electrons are transferred into the
Li-g-C3N4 interface. This suggests that g-C3N4 coating may hinder
the permeation of lithium dendrites into the electrolyte. Additionally,

Figure 6. The electrostatic potential profiles of a) Li (100)/Li6PS5Cl (100), b) Li (100)/g-C3N4, and c) Li6PS5Cl (100)/g-C3N4. The projected density of states
(PDOS) of d) Li (100)/Li6PS5Cl (100), e) Li (100)/g-C3N4, and f) Li6PS5Cl (100)/g-C3N4. The underlying mechanism diagram of the ASSLMBs with g) 651 and
h) 651-5% solid electrolytes.
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the electrostatic potential between Li6PS5Cl and g-C3N4 was 4.38 eV,
suggesting that g-C3N4 filling the gap in Li6PS5Cl particles prevents
electron flowing to the Li6PS5Cl electrolyte phase, thereby inhibiting
the growth of Li dendrites in the electrolyte. Figure 6d illustrates the
highly conductive interface between Li and Li6PS5Cl, facilitating easy
ingress of electrons into the interior of Li6PS5Cl. This leads to the
growth of lithium dendrites in the electrolyte, as indicated by the PDOS
calculation results. Remarkably, the electronic insulation property of g-
C3N4 was demonstrated (Figure 6e,f). Based on the previous analysis,
Figure 6g,h clearly illustrates the underlying mechanism. The in situ
generated Li3N intermediate layer in the battery with 651-5% electro-
lyte homogenizes Li+ flow and facilitates the uniform deposition of Li.
Additionally, the g-C3N4 coating with low electronic conductivity effec-
tively prevents the transfer of electrons to the 651 electrolyte phase,
inhibiting the growth of Li dendrites in the bulk phase, and enhancing
the electrochemical performance of the batteries.

3. Conclusion

In this work, the layer g-C3N4 was prepared through a one-step calcina-
tion method in air, and the 651-x% (x= 0, 3, 5, 10) was successfully
produced using a low-speed ball milling technique. The incorporation
of a 5% g-C3N4 coating is strategically chosen to optimize Li+ transfer
and electron insulation, simultaneously minimizing by-product forma-
tion in humid conditions. The g-C3N4 with low electronic conductivity
could impede the ingress of electrons into Li6PS5Cl, which aligns well
with DFT calculation. Moreover, the in situ Li3N intermediate layer
facilitates a uniform flow of Li+, effectively mitigating the formation of
lithium dendrites. As a consequence, the Li–Li symmetric battery with
651-5% can stably cycle for 1000 h, exhibiting reduced voltage polari-
zation (17mV). ASSLMBs utilizing the 651-5% electrolyte demonstrate
a notable capacity of 132.8mAh g�1 after 200 cycles, with an impres-
sive retention rate of 99.1%. This research contributes valuable insights
into the coating modification of sulfide solid electrolytes, offering inspi-
ration for the advancement of ASSLMBs characterized by enhanced safety
and prolonged cycle life.

4. Experimental Section

Synthesis of 651-x%: Li6PS5Cl solid-state electrolyte was synthesized by China
Automotive Battery Research Institute Co., Ltd. 10 g urea was placed into the cru-
cible and subsequently calcined in the muffle furnace at 520 °C for 5 h, and then,
the g-C3N4 nanosheets can be obtained. The g-C3N4 proportion in Li6PS5Cl-g-
C3N4 combination was regulated to 0, 3, 5, and 10 wt% (hereinafter referred to as
651-x%, x= 0, 3, 5, 10), and then, the blend was enclosed inside a zirconia ball mill
jar in Ar atmosphere ball milling at 300 rpm for 12 h to prepare 651-x%.

Ionic conductivity and electronic conductivity measurements: The ionic
conductivity of 651-x% was calculated by EIS test at various temperatures (5, 15,
25, 35, 45, and 55 °C). Solid electrolyte powders were positioned between two
stainless steel cylinders of the mold and pressed into electrolyte sheets under a
pressure of 300MPa. Then, a suitable quantity of CNTs was applied to each side
of the electrolyte sheets in order to enhance the connection interface. The EIS
was tested on the Autolab electrochemical workstation at a frequency ranging
from 1 Hz to 1MHz and an amplitude of 10mV. Formula 1.1 is utilized to com-
pute the ionic conductivity (σ). R denotes the resistance value, L is the thickness
of the electrolyte sheets, and S is the area of the electrolyte sheets. The activation
energy (Ea) is calculated using the Formula 1.2, where σ denotes the ionic con-
ductivity, A refers to the prefactor, T stands for the absolute temperature, and kB
represents the Boltzmann constant. Formula 1.3 is used to calculate the electronic
conductivity (σ), with Δd representing the thickness of the electrolyte sheet, S

representing the area of the electrolyte sheet, U representing the polarization
voltage, and I representing the steady-state current.

σ ¼ L

RS
(1.1)

σ ¼ A

T
e�Ea=kBT (1.2)

σ ¼ Δd
U= I � Sð Þ (1.3)

Stability measurements of 651 and 651-5% in humid air: The humid air
stability of 651 and 651-5% was tested in a closed simple glove box with 20% rela-
tive humidity through placing equal masses of 651 and 651-5% powders in open
vials for 3 hours. XRD, XPS, and EIS were used to characterize the stability of 651
and 651-5% powders in humid air.

Material characterization: XRD patterns were conducted using a Br Smar-
tLab Rigaku instrument equipped with a Cu Kα radiation. The morphology of
the 651 and 651-5% electrolyte sheets before and after cycles was examined by
SEM (Hitachi S-4800) with EDS. XPS was performed using Krotos AXIS Ultra
Spectrometer. The spatial distribution of g-C3N4 in 651-5% and the crystal struc-
ture of the 651 and 651-5% were characterized through cryo-TEM (Talos F200X
G2) equipped with EDS.

DFT calculations: The computations were carried out utilizing the first-
principles calculation implementation of CASTEP.[55] To account for exchange-
correlation potential, the generalized gradient approximation (GGA)[56] with the
Perdew–Burke–Ernzerhof (PBE) formula[57] in conjunction with the DFT-D correc-
tion was employed. The Broyden–Fletcher–Goldfarb–Shanno (BFGS) method was
used to identify the ground state of the supercells. The convergence tolerance
was set to the energy change below 10�5 eV per atom, force less than
0.02 eV Å�1, stress less than 0.05 GPa, and displacement change less than 0.001 Å.
The cutoff energy of the atomic wave functions was designated as 450 eV.

Assembly and electrochemical measurements of Li–Li symmetrical batte-
ries: First, 100mg of 651-x% powders was placed in a PTFE mold and subjected
to a pressure of �300MPa to form an electrolyte sheet. Then, two lithium foils
with a diameter of 10 mm and a thickness of 40 μm were placed on both sides of
the electrolyte sheet with a pressure of 30MPa. The deposition and stripping
experiments of Li–Li symmetric cells were tested in the LAND battery test system
at a current density of 0.2–2mA cm�2 and an areal capacity of 0.2/0.5 mAh cm�2.
The specific battery test conditions were reflected in the main text.

Preparation of cathode: LiNi0.6Mn0.2Co0.2O2 coated with LiNbO3 (NCM622)
(LNO@NCM) was synthesized by China Automotive Battery Research Institute
Co., Ltd. The LNO@NCM Powder and Li6PS5Cl were milled using a mass ratio of
7:3, and a rotation speed of 200 rpm for 6 h, without adding conductive carbon.

Assembly and electrochemical measurements of the ASSLMBs: The assem-
bly of ASSLMBs was operated within an Ar-filled glove box. 100mg of 651-x%
powders was placed between two stainless steel cylinders s in a mold under pres-
sure of 240MPa and pressed into electrolyte sheets. The lithium foil was inserted
on one side of the electrolyte layer under a pressure of 30MPa. The mass loading
of the LNO@NCM cathode materials was 5 and 10.5mg cm�2, respectively. The
test of the ASSLMBs was conducted using the LAND battery test system at vary-
ing rate (0.1–2 C) and the voltage ranging from 2.5–4.3 V, and the specific battery
test conditions were detailed in the main text.

Self-discharge measurements: The ASSLMBs underwent an initial cycling at
0.1 C for 3 cycles. Subsequently, it was charged to 4.3 V and left to stand for a
week, specifically 168 h. Following this, the battery was discharged to 2.5 V. The
calculated capacity retention rate was then used to evaluate the self-discharge
behavior of the battery.
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