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Silicon (Si) is a competitive anode material owing to its high theoretical capacity and low electrochemical potential.
Recently, the prospect of Si anodes in solid-state batteries (SSBs) has been proposed due to less solid electrolyte interphase
(SEI) formation and particle pulverization. However, major challenges arise for Si anodes in SSBs at elevated temperatures.
In this work, the failure mechanisms of Si-Li6PS5Cl (LPSC) composite anodes above 80 ∘C are thoroughly investigated
from the perspectives of interface stability and (electro)chemo-mechanical effect. The chemistry and growth kinetics of
LixSi|LPSC interphase are demonstrated by combining electrochemical, chemical and computational characterizations. Si
and/or Si–P compound formed at LixSi|LPSC interface prove to be detrimental to interface stability at high temperatures.
On the other hand, excessive volume expansion and local stress caused by Si lithiation at high temperatures damage the
mechanical structure of Si-LPSC composite anodes. This work elucidates the behavior and failure mechanisms of Si-based
anodes in SSBs at high temperatures and provides insights into upgrading Si-based anodes for application in SSBs.

Keywords: sulfide electrolytes, silicon anodes, interface stability, degradation kinetics, all-solid-state batteries
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1. Introduction
Solid-state batteries (SSBs) have been widely recog-

nized as the next-generation energy-storage technology ow-
ing to nonflammability, potentially higher energy density and
wide operating temperature.[1–8] In order to meet the ever-
increasing requirements for high energy density and power
density, it is urgent to employ high-capacity electrode mate-
rials and develop corresponding high areal-capacity and high-
performance electrodes.[9]

Silicon (Si) has emerged as a very competitive alterna-
tive anode material in SSBs owing to its high theoretical ca-
pacity (3579 mAh·g−1 based on Li15Si4 at room tempera-
ture), low electrochemical potential (∼ 0.3 V vs. Li/Li+) and
high resource abundance.[10–12] Due to severe volume changes
(∼ 300% for Li3.75Si) during lithiation/delithiation, one major
challenge Si faces in liquid electrolytes is continuous forma-
tion of SEI, leading to loss of lithium inventory, consumption
of electrolyte and Si particle pulverization.[13] In contrast, Si
anodes in SSBs could largely circumvent repeating SEI forma-
tion and particle pulverization because of the limited ductility
of solid electrolytes and applied stack pressure. Specially, Si-
anode SSBs using sulfide electrolytes (SEs) exhibit prominent
performance.[10,14]

Despite promising broad prospects, Si anodes in SSBs

still require improvement in terms of rate capabilities when
compared to other anode alternatives. To our best knowledge,
Si anodes in SSBs with areal capacity of 4 mAh·cm−2 could
operate at a current density of 8 mA·cm−2 at most,[15] while
Li-metal anodes can realize up to that of 155.3 mA·cm−2.[16]

In order to enhance electrode kinetics and thus fully exploit
rate capabilities, elevating operating temperature is one of the
most valid strategies,[10,17] by which graphite and Li4Ti5O12

anode could operate at rates of 900 C and 1500 C at 100 ∘C,
respectively.[18]

However, it is noteworthy that few studies have demon-
strated cycling performance of Si anodes in SSB above 60 ∘C.
Two crucial chemo-mechanical issues for Si anodes in SSBs
at elevated temperature demand thorough research. (i) In-
terface stability is fundamental for cycling and rate perfor-
mances, whereas opinions remain divided on the components
of the Si|SE interphase. A prevalent assumption regarding the
SEI formation mechanisms is mainly the reduction of SEs at
low potential, for example, LPSC reduced to Li2S, Li3P and
LiCl.[10,19,20] The SEI is passivating and tends to be stable
after the few cycles. Yet a few studies suggest that the SEI
originates from electrochemical reactions of Si and SEs and
continues to grow, resulting in poor cycling performance and
low coulombic efficiency.[21,22] A better understanding of the
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chemistry and growth rate of the Si|SE interface at elevated
temperature is required. (ii) In SSBs, it is of paramount impor-
tance but also difficult to maintain interparticle contact, partic-
ularly at the anode side that would go through huge volume
change during cycling. How the mechanical microstructure
of Si anodes in SSBs evolves, especially in the first few ac-
tivation cycles, largely influences the cell performance. It is
worth of deep investigation whether contact loss, strain-stress
cumulation or particle pulverization would happen at the Si|SE
interface at elevated temperature.

In this work, we report the rapid degradation of Si-
LPSC composite anodes at an elevated temperature of 80 ∘C.
Our investigation delves into the failure mechanisms from
two perspectives: the LixSi|LPSC interface stability and
(electro)chemical-mechanical failure mechanisms of Si-LPSC
composite anodes. The growth kinetics of the LixSi|LPSC
interphase at 30 ∘C and 80 ∘C is contrasted through electro-
chemical impedance spectroscopy (EIS) measurement. Fur-
thermore, the composition and the dependence of kinetic prop-
erties of interface products on temperature are investigated
through experimental and computational methods. On the
other hand, the contributions of SEI formation and electrode
mechanical failure to capacity loss are elucidated by cross-
sectional scanning electron microscopy (SEM) and titration
gas chromatograph (TGC) method. These findings clarify the
reasons for vigorous SEI growth and the detrimental effects of
local electrode stress induced by the excess lithiation of Si in
SSBs at elevated temperatures.

2. Results and discussion
2.1. Electrochemical performances of Si-LPSC composite

anodes at high temperature

Initially, to evaluate the interfacial compatibility between
Si anodes and sulfide electrolyte Li6PS5Cl at different tem-
peratures, the electrochemical performance of half-cells with
Si-LPSC composite anodes was measured at 30 ∘C, 60 ∘C,
and 80 ∘C (Fig. 1). The mixture of nano-sized silicon (nm-Si)
powder and LPSC was used as the research object of investiga-
tion (Fig. 1(a)) instead of 100% Si.[23] The three main reasons
are as follows. Firstly, by turning two-dimensional (2D) inter-
face into a three-dimensional (3D) one, the contact area would
be enlarged. Then, side interactions at the Si|LPSC interface
could be greatly magnified and thus easier to observe. Sec-
ondly, Si exhibits low ion diffusivity,[23] severely limiting its
rate capability, and a simple method to tackle this problem is
to form a Si-SE composite. Lastly, SE plays an important role
as a skeleton to alleviate huge volume change during lithia-
tion/delithiation process of Si (∼ 300%). Mixture of different
ratios of nm-Si to LPSC was tested to choose the best research
object, and it turned out that the corresponding half-cells ex-

hibited the best cycle stability when the mass ratio of nm-Si
and SE was 30:70 (Fig. S1).

Raising operating temperature is one of the most effective
approaches to optimizing electrode kinetics and thus enabling
larger charge/discharge capacities at ultrahigh rates. especially
for SSBs. However, it seems that 60 ∘C is a turning point
of Si-LPSC anode electrochemical capabilities. As shown in
Fig. 1(b), the cycling performances of half-cells with Si-LPSC
anodes operating at 80 ∘C fail those working at 30 ∘C and
60 ∘C. The half-cells operating at 30 ∘C and 60 ∘C exhibit
stable cycling performances and much higher coulombic effi-
ciency, retaining 83.4% and 84.1% of their initial capacities
after 50 cycles, respectively. While the behavior of Si-SE cell
at 80 ∘C is noticeably different: the charge capacity is far lower
since the first cycle, and the capacity retention fades dramati-
cally to 14.3% after 50 cycles.

In the first cycle, the discharge capacities at 30 ∘C,
60 ∘C, and 80 ∘C are 3481.5 mAh·g−1, 3718.2 mAh·g−1,
and 3970.9 mAh·g−1, respectively, increasing with temper-
ature (Fig. 1(c)), while their initial charge capacities are
3051.6 mAh·g−1, 3169.7 mAh·g−1, and 2339 mAh·g−1, re-
spectively, reaching the maximum value at 60 ∘C. Although
the discharge/charge plateaus are similar at different temper-
atures, the initial coulombic efficiencies (ICE) decrease with
temperature, namely, 87.6% at 30 ∘C and 58.9% at 80 ∘C. In
the 50th cycle (Fig. 1(d)), despite the discharge/charge curves
of cells at 30 ∘C and 60 ∘C maintain well, the counterpart at
80 ∘C exhibits severe polarization. As shown in Fig. 1(e), the
polarization voltage of Si-LPSC composite anodes decreases
with elevated temperature because of the improved electrode
kinetics in the first few cycles. However, it remains barely
the same after cycle at 30 ∘C and 60 ∘C, but grows rapidly at
80 ∘C. Furthermore, contrary to common situation,[18] raising
the temperature beyond 80 ∘C deteriorates the rate capabilities
of Si-LPSC composite anodes (Fig. S2(a)), suggesting that the
enhancement of elevating temperature on improving SSB rate
capacities is limited. Summarizing these electrochemical re-
sults, it is indicated that interfacial reaction and mechanical
failure of Si-LPSC anode cause dramatic capacity decrease at
temperature above 80 ∘C.

To elucidate the correlation between electrode kinetics
and temperature, it is essential to examine the ionic and
electronic conductivities of the Si-LPSC composite anode at
different temperatures. Given that this electrode serves as
a mixed ionic–electronic conductor, ion-blocking cells and
electron-blocking symmetric cells as illustrated in Figs. S3(a)
and S3(b) were assembled to determine the electronic and
ionic conductivities of the composite anodes via the direct
current (DC) polarization method. As depicted in Fig. S3(c),
the electronic conductivity of the Si-LPSC composite anode
is positively correlated with temperature, attributing to the

088201-2

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5276
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5276
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5276
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5276
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5276


Chin. Phys. B 33, 088201 (2024)

temperature-dependent electronic properties of Si as a semi-
conductor. Conversely, the ionic conductivity shows a nega-
tive correlation with temperature, contrary to the characteris-
tics of sulfide solid electrolytes LPSC itself, indicating signifi-

cant interfacial reactions, suggesting that Si is intrinsically un-
stable to LPSC. The DC polarization test lasts for 80 hours,
thereby allowing ample time for the interfacial reactions to
proceed.
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Fig. 1. Electrochemical performance of Si-LPSC anodes at different temperatures. (a) The schematic of Si-LPSC‖Li–In half-cell. (b) Cycling
performances, charge/discharge profiles in the (c) 1st and (d) 50th cycle and (e) polarization voltage of Si-LPSC‖Li–In half-cells at 0.2 C at
30 ∘C, 60 ∘C and 80 ∘C.

The differential capacities with cell potential (dQ/dV )
curves in the first two cycles at 30 ∘C and 80 ∘C are plotted
in Figs. S2(b) and S2(c) to clarify the role that LPSC plays
in the lithiation/delithiation process of the composite anode.
In the first discharge, only one peak at ∼ 0.1 V is observed,
indicating the formation of amorphous LixSi.[24,25] In the fol-
lowing delithiation process, two peaks at 0.36 V and 0.44 V
are attributed to the phase transition from Li13S4 to Li7Si3 and
then to LiSi.[26] Correspondingly, two peaks at 0.08 V and
0.25 V in the second discharge are ascribed to the converse
transition from LiSi to Li7Si3 and then to Li13S4.[26] The peaks
in the second charge are nearly the same as those in the first
charge. Since no pronounced peaks are observed above 1.0 V,
the redox of LPSC itself can be omitted.[27] In other words, the
electrochemical reaction processes here are all about Si lithia-
tion/delithiation.

In addition, the redox of LPSC at different tempera-
tures is investigated. LPSC serves as redox-active material
and 5 wt.% carbon additives are utilized to enlarge reduc-
tion/oxidation current. As depicted in Fig. S4, the LPSC-
carbon anode delivers the initial reduction/oxidation capac-
ity of 411.4 mAh·g−1 and 50.3 mAh·g−1 at 30 ∘C and
664.4 mAh·g−1 and 193.8 mAh·g−1 at 80 ∘C. Raising tem-
perature does aggravate the redox of LPSC, but the result that
the irreversible capacity and coulombic efficiency of SE redox

at 80 ∘C are higher than those at 30 ∘C disagrees with the cy-
cle performance of Si-LPSC composite anodes. Hence, LPSC
redox is not the main reason for the deterioration of Si-LPSC
anodes at high temperature.

Summarizing the above electrochemical performances,
it can be inferred that the severe deterioration of the per-
formance of Si-LPSC composite anode at high temperatures
of 80 ∘C and above is caused by the interfacial chemi-
cal/electrochemical instability and mechanical failure at high
temperatures. Several possible causes of failure will be deeply
discussed.

2.2. Temperature-dependent interface degradation mech-
anism

2.2.1. Transition of interface resistance growth kinet-
ics

To investigate the impact of interfacial degradation on the
cell cycling performances at high temperatures, the evolution
of impedance with cell resting time was monitored. The Si|Li-
In half-cells were discharged to 0.005 V (vs. Li+/Li) at 30 ∘C
and 80 ∘C, and then fully rested at the same temperatures,
respectively. During the cell resting period, impedance test
was performed every 24 h. An anode composed of 100 wt.%
nano-Si is used here instead of a Si-LPSC composite anode
so that the electrode interfaces to be studied would be com-
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pressed from 3D to 2D. It helps simplify the impedance ana-
lytics and concentrate on the interfacial reaction between LixSi
and LPSC by largely eliminating the impact of mechanical
structure evolution and LPSC oxidation/reduction.

Figures 2(a) and 2(d) depict the stacked Nyquist plots
at different cell resting time, and the points at frequencies
of 5000 Hz and 0.05 Hz are marked by dashed lines. The
Nyquist plots basically maintain a similar shape over time, but
impedance growth rates are quite different at 30 ∘C and 80 ∘C.
The semicircle between 5000 Hz and 0.05 Hz is attributed to
the LixSi|LPSC interface resistance, denoted as Rint. For SSBs
based on inorganic solid electrolytes, RGB and RSE,bulk rep-
resent grain boundaries and bulk resistance of SE pellet and
correspond to the semicircle at high frequency and the inter-
ception. The Warburg tail at low frequency indicates the ion
diffusion in LixSi alloy.

As explained above, the equivalent circuit for EIS analy-
sis is R(RQ)(RQ)Q. The fitting results in Figs. 2(b) and 2(e)

exhibit that Rint at 30 ∘C mildly increases from 59 Ω to 195 Ω

after resting for one week and tends to become stable in the
end, while Rint at 80 ∘C drastically increases from 893 Ω to
8029 Ω at an accelerated rate.

Since EIS measurements were conducted during cell rest-
ing instead of cycling, the interface impedance growth is sup-
posed to originate from interface characteristics. At moderate
temperatures like 30 ∘C, the LixSi|LPSC interface is close to
an electron-insulating layer, which inhibits the interfacial re-
action upon SEI formation. In contrast, the LixSi|LPSC in-
terface impedance grows drastically at 80 ∘C, indicating that
the interface is non-passivating. The interface layer is a mixed
ionic/electronic conductor, hence the interfacial reaction con-
tinues to take place and the interface grows persistently.[28,29]

Intuitive schematic diagrams are depicted in Figs. 2(c) and
2(f). The reason for the transition of interface resistance
growth kinetics will be investigated later.
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Fig. 2. Impedance measurements of a half-cell with Si-LPSC composite anode after discharging to −0.615 V vs. In/InLi (i.e., 0.005 V vs. Li+/Li).
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Rint as a function of time. The insets in panels (b) and (e) are the corresponding equivalnet circuits for EIS fitting. [(e) and (g)] Interface resistance
growth as a function of the square of time. [(c) and (f)] The schematic diagrams of different mechanisms of SEI growth.

2.2.2. Chemical characterization of LixSi|LPSC inter-
phases

To determine the chemistry of the SEI by experiment,
we measured ex-situ x-ray photoelectron spectroscopy (XPS)
spectra of composite anodes before and after cycled at 30 ∘C
and 30 ∘C respectively. All XPS spectra are charge-calibrated
based on C 1s peak at 284.8 eV and demonstrated in
Figs. 3(a)–3(c).

The Si 2p XPS spectra before and after cycling are con-
trasted in Fig. 3(a). Prior to cycling, peaks corresponding to
Si–O or Si–P were observed for the Si-LPSC composite anode.
These peaks could be the result of Si|LPSC interface products
that were first formed during the cell resting process, or they
could be the result of the oxide layer on the surface of the Si

nanoparticles. Five weeks of cycling at 30 ∘C resulted in a
considerable drop in the Si peak intensity and a notable en-
hancement of the Si–P peak. The peak intensity ratio of the Si
peak to the Si–P peak further decreased following cycling at
80 ∘C.

Figures 3(b) and 3(c) display the P 2p and S 2p XPS
spectra of the Si-LPSC composite anodes, respectively. Be-
fore cycling, the peak of PS3−

4 was present. Si–P and Li2S
peaks showed up with a rather low percentage after cycling at
30 ∘C; however, after cycling at 80 ∘C, their percentage in-
creased noticeably in comparison to PS3

4. According to all of
these results, the LixSi|LPSC interfacial reaction appears to be
intensifying at high temperatures.
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ToF-SIMS spectrum depicted in Fig. 3(d) shows that the
counting of SiP and LiSiP fragments, as well as those of
LiSiP2, Li3SiP2, SiP2, SiP3, Li4SiP2 and Li2SiP3 fragments
(Fig. S5), were significantly higher after cycling at 80 ∘C for
the Si-LPSC anodes. The presence of Si–P bonds and semi-
conductor nature of all these products indicate that at least one
of the semiconductors SiP, Li5SiP3, and SiP2 is present in the
LixSi|LPSC interphases. Furthermore, the increasing content
of these semiconductors with temperature suggests an intensi-
fication of the interfacial reaction.

2.2.3. First principles calculation on the LixSi|LPSC in-
terphases

Theoretically, first principles calculation was employed
to provide a more detailed understanding of the composition
and characteristics of the LixSi|LPSC interphases.[30] The in-
terface was regarded as a pseudo-binary system, and com-
positional phase diagrams were created to assess the inter-
facial reactions. The thermodynamic phase equilibria of the
LixSi|LPSC interface were assessed by calculating the re-
action energy ∆ER,[30] which does not include the decom-
position energies of LixSi and LPSC individually.[31] The

most thermodynamically favorable reaction pathway is the
one in which the reaction energy reaches the minimum, de-
noted by ∆ER,min. The normalized reaction energies between
Si/LiSi/Li12Si7/Li7Si3/Li13Si4/Li21Si5/Li22Si5 and LPSC, as
shown in Fig. 3(e) and Table 1, are −0.114 eV/atom,
−0.309 eV/atom, −0.341 eV/atom, −0.357 eV/atom,
−0.383 eV/atom, −0.397 eV/atom, −0.407 eV/atom and
−0.412 eV/atom. The result indicates that both Si and Li–Si
alloys have a thermodynamic inclination to react with LPSC,
which becomes more pronounced as increased lithium is em-
bedded in Si particles. This aligns with the conventional per-
ception that the higher the concentration of lithium in the
alloy-type anode, the greater its chemical reactivity.

Although the actual LixSi|LPSC interphases may differ
from the calculation results and may not be evenly distributed
along the normal direction of the interface, the calculation re-
sults strongly suggest that the interfacial reactions between
LixSi anodes and LPSC, though may be kinetically limited at
moderate temperatures (60 ∘C and below), could lead to severe
cell deterioration after aging or cycling at high temperatures
(80 ∘C and above), which is also supported by the experimen-
tal findings.
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It is noteworthy that the characteristics of the in-
terphases are more significant than the inherent chemi-
cal/electrochemical stability between the electrode and elec-
trolyte. Table 1 displays the interfacial products of LPSC and
Si with varying degrees of lithiation, all containing Si or Si–P
compounds (i.e., SiP, Li5SiP3, and SiP2). Density functional
theory (DFT) calculations of the electronic band structure and
density of states (DOS) of these components were undertaken,
and results shown in Figs. 3(f) and S6 indicate that Si or Si–P
compounds are all semiconductors, with band gaps of 1.74 eV,
1.32 eV, 1.43 eV and 0.61 eV, respectively. The carrier con-
centration in semiconductors is positively associated with tem-
perature when at or near room temperature according to the
following equation:[32]

ne = AT 3/2 e−∆Eg/(2kT ). (1)

Given that the electronic conductivity of semiconductors is
approximately proportional to the carrier concentration, with
temperature rising, the SEI containing SiP, Li5SiP3, SiP2 or
Si changes from electronic insulting interfaces to ones that
consist of mixed ionic and electronic conductors (MIEC),[29]

making the interfacial degradation no longer self-limiting.
Hence, the reaction kinetics get intensified at high temper-

ature, which explains why the interface resistance is getting
larger with the aging or cycling duration.

Table 1. Thermodynamic phase equilibria and reaction energies of the
LixSi|LPSC (x = 0–4.4) interface.

CSE Canode Phase equibiliria
∆ER,min

(meV per atom)

Li6PS5Cl

Si SiP Li2SiS3 LiCl Li2S −0.114

LiSi SiP Si LiCl Li2S −0.309
Li12Si7 Li5SiP3 Si LiCl Li2S −0.341
Li7Si3 Li5SiP3 Si LiCl Li2S −0.357
Li13Si4 Li5SiP3 Si LiCl Li2S −0.383
Li15Si4 Li5SiP3 Si LiCl Li2S −0.397
Li21Si5 Li5SiP3/Li3P Si LiCl Li2S −0.407
Li22Si5 Li5SiP3/Li3P Si LiCl Li2S −0.412

2.3. Influence of temperature on mechanical fractures and
structure evolution of composite anodes

(Electro)chemo-mechanics plays a prominent role in
ASSBs because of rigid solid/solid contacts interactions,
which is largely responsible for ASSB failure. Severe vol-
ume change of Si during lithiation/delithiation poses a great
challenge from the mechanics standpoint and the underly-
ing (electro)chemo-mechanical mechanisms remain ambigu-
ous. Cross-sectional SEM and EDS were employed to study
the structure evolution of Si-LPSC composite anode.

30 mm 30 mm 30 mm

10 mm

10 mm 10 mm 10 mm

10 mm 10 mm

Si/P Si/P Si/P

(a) (b) (c)

Fig. 4. Cross-sectional SEM images and EDS mapping of Si-LPSC|LPSC|Li–In cells before (a) and after 1 cycle at 30 ∘C (b) and 80 ∘C (c).

Figure 4(a) displays the cross-sectional SEM of pristine
Si-LPSC composite anode. The pristine composite anode is
highly dense with nm-Si and solid electrolyte LPSC uniformly
dispersed. The well-balanced ratio of the active material Si

to the superior ionic conductor LPSC ensures optimal contact
area and a highly stable electrode skeleton at room tempera-
ture. As can be observed from the EDS mapping, the elements
Si and P are uniformly distributed, illustrating no obvious seg-
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regation of the Si and LPSC. The good mechanical strength
and fast Li+ diffusion ability of the LPSC electrolyte lay a
solid foundation for electrons and ions transport throughout
the electrode and thus are beneficial for the battery capacity to
be fully exploited and well maintained.

The cross-sectional SEM images of the Si-LPSC compos-
ite anode after 1 cycle at 30 ∘C (Fig. 4(b)) show several tiny
cracks perpendicular to the electrolyte layer in some localized
areas. Although these cracks seem to cause localized damage
to the mechanical structure, they did not significantly affect the
overall electrochemical performance because the longitudinal
cracks would scarcely hinder the ionic and electronic conduc-
tion from solid electrolyte separator to current collector.[10]

From the magnified SEM images and EDS mapping, it can
be seen that these longitudinal cracks mainly occur in Si and
are supposed to arise from the substantial volume change of
Si during the lithiation/delithiation process. Despite the oc-
currence of cracks, the distribution of Si and P elements is
still rather uniform, demonstrating that the ion and electronic
transport networks in the electrode are well maintained after
cycling at ambient temperature.

In contrast, figure 4(c) displays a quite different behavior
of the Si-LPSC composite anode after cycling at 80 ∘C. As in-
dicated by the cross-sectional SEM, considerable cracks paral-
lel to the electrolyte layer form in the Si-LPSC anode after one
cycle at 80 ∘C. The cracks are caused by the radical volume
expansion and contraction of Si and continuous interfacial re-
actions, which disrupt the local ion/electron transport network
and, as a consequence, result in a rapid capacity loss and a
rather low ICE. According to the EDS mapping, the transverse
cracks are primarily generated within the LPSC particle. This
is presumed to be the result of the excessive internal stress of
the electrode with the space limitation of cell mold and the
violent expansion of Si. The internal stress exceeds the yield
strength of the LPSC, leading to the deactivation of a signifi-
cant amount of Si. In addition, the Si appears to agglomerate
and thus its contact area with the electrolyte becomes smaller.
Both a substantial number of transverse cracks and the aggre-
gation of Si account for the rapid capacity decline of Si-LPSC
half-cells at 80 ∘C.

The preceding results demonstrate the failure mecha-
nisms of Si-LPSC composite anode under high-temperature
circumstances from the perspective of (electro)chemical-
mechanics.

2.4. The combined effect of interfacial reactions and elec-
trode mechanical damage

2.4.1. Trapped LixSi and SEI Li+ quantified by TGC
method

As previously discussed, both interfacial reactions and
electrode mechanical failure have a negative impact on the
electrochemical behavior of Si-LPSC anodes. In order to dis-

tinguish the inactive SEI Li+ from trapped LixSi alloy and cor-
relate them with the cell performance, titration gas chromatog-
raphy (TGC) method was adopted to quantify active LixSi al-
loy by aprotic solvent.[33]

Considering that H2S formed by the reaction of LPSC and
H2O could corrode the TGC equipment, anhydrous ethanol
was used as the solvent for titration instead. Previous
work has demonstrated that ethanol can serve as the titrant
for silicon anodes.[34] The half cells with Si-LPSC anodes
were disassembled to perform the TGC test after being dis-
charged/charged with a current density of 0.3 mA/cm2. Once
the H2 amount is quantified based on the calibration curve, the
corresponding trapped LixSi alloy content could be obtained
based on

2LixSi+2xH+ → 2xLi++2Si+ xH2 ↑ . (2)

Then, Li+ content in the electrochemically formed SEI could
be determined based on

QSEI = Qtotal −QLixSi, (3)

where Qtotal corresponds to the capacity loss.
As depicted in Fig. 5(a), the normalized Li+ content con-

sumed for SEI formation after the first lithiation process at
80 ∘C is more than that at 30 ∘C. It is well consistent with
the aforementioned impedance growth and further proves that
the LixSi|LPSC interface reaction is intensified at high tem-
perature. Besides, the capacity contribution from LixSi alloy
during the first lithiation at 80 ∘C is slightly larger than that at
30 ∘C (Fig. 5(b)). Enhanced kinetics at elevated temperature
benefits the full utilization of capacity of silicon anodes, but
also results in a greater proportion of amorphous Li15Si4 (a-
Li15Si4) transmitting into crystalline Li15Si4 (c-Li15Si4) and
therefore more severe volume change. Moreover, c-Li15Si4
has a higher Young’s modulus than a-Li15Si4,[35–37] thus the
internal local stress of Si-LPSC anodes would notably increase
with external pressure applied to the SSB mold. When it
reaches beyond the critical point that corresponds to the yield
strength of LPSC particle, full lithiation of Si would cause
LPSC particles to break, which echoes with the cross-sectional
SEM images of composite anodes cycled at 80 ∘C (Fig. 4(c)).

Surprisingly, capacity loss from trapped LixSi far sur-
passes that from SEI formation in the first cycle at 80 ∘C,
while the contribution from the two parts is very close at 30 ∘C
(Figs. 5(c) and 5(d). It reveals that after the initial lithiation,
excessively expanded LixSi alloy at 80 ∘C becomes incapable
of adequate delithiation and causes instant failure of the elec-
trode mechanical structure, which explains why the coulombic
efficiency is particularly low in the first cycle. The damaged
electrode structure laid a poor foundation for Si-LPSC anode
cycling at 80 ∘C.
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2D distribution of (f) S and (g) Si, and (h) 3D distribution of S and Si in the Si-LPSC composite anodes cycled at 30 ∘C and 80 ∘C respectively.

2.4.2. Trapped LixSi and SEI Li+ quantified by TGC
method

The spatial distribution of SiP, a representative kind
of fragments of the LixSi|LPSC interphases, is shown in
Fig. 5(e). In the Si-LPSC anode cycled at 30 ∘C, SiP is barely
visible, while the content of SiP in 80 ∘C cycled anode in-
creases significantly and its spatial distribution is rather ho-
mogenous.

The 2D planar distributions of the representative S and
Si fragments, corresponding to LixSi and LPSC, are shown in
Figs. 5(f) and 5(g). At 30 ∘C, S is uniformly and discretely dis-
tributed, which is highly congruent with cross-sectional SEM
images (Fig. 4(b)), whereas Si exhibits a much smaller parti-
cle size than S and uniformly fills in the surrounding area of S,
which is quite similar to the structure of composite anode be-
fore cycling (Fig. 4(a)). In contrast, after 80 ∘C cycling, both
S and Si show aggregation, probably due to the segregation
caused by the drastic volume change of Si.

Combining the spatial distribution of S and Si, the results
are shown in Fig. 5(h), where the blank part corresponds to the
cracks inside the composite anode. The increased cracks and
pores in the composite anode after cycling at 80 ∘C further
support that the huge internal stress of the composite anode
results in the serious mechanical deterioration.

3. Conclusion

In summary, by combining experimental and computa-

tional approaches, we systematically investigate the interface

and mechanical failure mechanisms of Si-LPSC composite an-

odes at high temperatures. Severe electrochemical degrada-

tion of Si-LPSC anodes can be observed during cycling at

80 ∘C, leading to inferior ICE and capacity retention. EIS

measurements were conducted to monitor the interfacial re-

sistance growth at 30 ∘C and 80 ∘C respectively. The results

from ex situ XPS, ToF-SIMS and computation have confirmed

the existence of semiconductor Si and/or Si–P compound in

the LixSi–Li6PS5Cl interphases, which causes the interface to

turn to non-passivating at elevated temperatures. On the other

hand, the role of (electro)chemo-mechanics at 3D LixSi|LPSC

interfaces on capacity fading of SSBs is thoroughly elucidated.

Contact loss, strain-stress accumulation, SE particle pulver-

ization and Si segregation at high temperatures do irreversible

damage to electrode structure and cell kinetics. This work pro-

vides novel insights for the next-level development of Si an-

odes in SSBs, especially for application in a wide-temperature

range.
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Appendix A: Experiments
A1. Preparation of composite anode and cell assembly

For the anode active materials, nano-silicon powder
(D50 ≈ 100 nm) and Li6PS5Cl powder (D50 = 5 µm–10 µm)
were purchased from Tianmulake Excellent Anode Materials
Co., Ltd and Hefei Kejing Materials Technology Co. Ltd.,
respectively. The composite anode was fabricated by mixing
nm-Si and SE at different weight ratios (2:8, 3:7, 4:6, 5:5) and
hand ground in a mortar for at least 30 min.

For cell assembly, 80 mg Li6PS5Cl was first placed into
the mold and pressed at 120 MPa (1 ton) to form a pellet.
Composite anode powder with areal loading of ∼ 2.5 mg was
put on the top and dispersed uniformly, then an In foil (Alfa
Aesar, 10 mm diameter, ∼ 10 µm thickness) and a Li foil
(China Energy Lithium Co., Ltd., 9.5 mm diameter, ∼ 10 µm
thickness) were placed under the SE pellet. The cells were
pressed at 360 MPa (3 tons) for 3 min and cycled under a
stack pressure of about 30 MPa. All the preparation processes
were performed in an argon-filled glovebox (O2 > 0.1 ppm,
H2O > 0.1 ppm).

A2. Electrochemical characterization
A2.1. Cell cycling and rate performances

Galvanostatic charge–discharge of Si|Li-In half-cells was
conducted in a voltage range of −0.615 ∼ 0.88 V vs. In/InLi
(i.e., 0.005∼ 1.5 V vs. Li+/Li) via battery test system (LAND,
CT2001A) at 30 ∘C, 60 ∘C and 80 ∘C respectively. The cycling
test was performed at 0.2 C and the rate test was conducted at
0.1 C to 2 C. EIS measurements were performed in a climate
chamber (Binder) at the temperatures of 30 ∘C, 60 ∘C, and
80 ∘C to mitigate the influence of temperature on impedance
variations. The cell was discharged to −0.615 V vs. In/InLi
(i.e., 5 mV vs. Li+/Li) with a current density of 600 mA·g−1

(0.2 C). During resting, EIS was conducted every 24 h. The
impedance spectra were measured by applying 10 mV ampli-
tude in a frequency range of 1 MHz–0.1 Hz with 20 points
per decade. All Nyquist plots were fitted with R(RQ)(RQ)Q
equivalent circuit. According to the fitting results, we plotted
the resistance of the anode/electrolyte interface with time.

A2.2. Ionic and electronic conductivity tests of composite
cathodes

DC polarization methods were utilized to assess the ionic
and electronic conductivities of composite anodes.[38] Two
distinct symmetric cell configurations, namely, ion-blocking
and electronic-blocking cells, were selected to measure the
ionic and electronic conductivities, respectively. To en-
sure adequate thickness of composite anode pellets, the an-
ode mixtures were weighted at 100 mg. For electronic
conductivity evaluations, the anode composites underwent
compression at 360 MPa for 5 min between two stain-
less steel cylinders to form the ion-blocking cells. For

ionic conductivity assessments, five-layer electronic-blocking
cells (Li–In|LPSC|composite anode|LPSC|Li–In) were con-
structed. Initially, the anode composites were pressed at
200 MPa. Subsequently, 60 mg of LPSC powders were
pressed on both sides of the composite cathode layers at
200 MPa. Li–In foils were affixed to each side and pressed
at 360 MPa. The cell was maintained at a constant external
pressure of 30 MPa throughout the tests. With a DC volt-
age of 0.3 V applied, the corresponding current response was
recorded. Ohm’s law (U = I ×R) was employed to determine
the partial resistances, where current values (I) were obtained
by fitting the steady-state region. Ionic and electronic conduc-
tivities were calculated based on the equation

σ = L/(RA), (A1)

where L, R and A represent thickness, resistance, and area of
composite anode layers, respectively.

A3. Chemical and morphological characterization

X-ray photoelectron spectroscopy (XPS) The XPS of
the cycled electrodes was carried out by ESCALAB 250 Xi
Thermo Fisher with monochromatic 150 W Al Kα radiation.
Cycled composite anode samples were prepared from half-
cells after 5 cycles.

Cross-sectional SEM Cross-sectional morphology of
composite anodes was characterized by scanning electron mi-
croscope (SEM, HITACHI S4800). Cycled composite anode
samples were prepared from half-cells after 1 cycle.

Titration gas chromatography (TGC) TGC experi-
ments utilized a Shimadzu GC-2010 Plus Tracera with a bar-
rier ionization discharge (BID) detector. Operating conditions
included a split temperature of 200 ∘C with a split ratio of 2.5
(split vent flow: 20.58 ml/min, column gas flow: 8.22 ml/min,
purge flow: 0.5 ml/min). The column temperature (RT-Msieve
5A, 0.53 mm) was maintained at 40 ∘C, while the BID detector
temperature was set at 235 ∘C. Helium (99.9999%) served as
the carrier gas, with a BID detector gas flow rate of 50 ml/min.
An Ar-filled glove box housed the anode sample within a sep-
tum glass vial. Following the injection of 0.5 mL anhydrous
ethanol, 30 µL sample gases were introduced into the machine
via a 50 µL Gastight Hamilton syringe.

ToF-SIMS To prevent exposure to the ambient atmo-
sphere, the transfer of the sample from the glovebox to the
SIMS instrument was carried out using a Leica EM VCT500
shuttle (Leica Microsystems GmbH) under vacuum. ToF-
SIMS characterizations were performed using a Hybrid SIMS
M5 system (IONTOF GmbH in Münster, Germany). The mea-
surements were performed in negative ion mode. The analysis
region was defined as a square of 100 µm×100 µm. The Sur-
face Lab 7.1 software (IONTOF GmbH, Münster, Germany)
was employed for the measurement and assessment of data.
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A4. First principles computation

The density functional theory was utilized to conduct
first-principles calculations, employing the plane-wave basis
set Vienna ab initio simulation package[39] (VASP). The ex-
change and correlation functionals were based on Perdew–
Burke–Ernzerhof generalized gradient approximation (GGA-
PBE).[40]

As for interface stability, the interface was considered as
a pseudo-binary of LixSi (x = 0–4.4) and Li6PS5Cl as in pre-
vious study.[30] To quantify the thermodynamic driving force,
the reaction energy ∆ER for the interface reactions was calcu-
lated as

∆ER (Li6PS5Cl, LixSi, a)

= Eeq (Cinterface(Li6PS5Cl, LixSi, a))

−Einterface (Li6PS5Cl, LixSi, a)

−a ·∆ER (Li6PS5Cl)− (1−a) ·∆ER (LixSi) , (A2)

where Cinterface is the compositions of the interface, normal-
ized to one atom per formula. The a is the molar fraction of
Li6PS5Cl. The interface phase equilibria were evaluated along
the energy minimum. The ∆ER,min represent the minimum in-
terface reaction energy excluding the decomposition energy of
Li6PS5Cl and LixSi. The energies of most materials were ac-
quired from the Materials Project[30] database.

The electronic band structures and DOS calculations
were investigated via the plane-wave-pseudopotential ap-
proach based on DFT. All structures were optimized. Then
their electronic structures were calculated within the gener-
alized gradient approximation (GGA-PBE), as implemented
in the Cambridge serial total energy package (CASTEP)
code.[41] The k-point meshes for Brillouin zone sampling were
constructed using the Monkhorst–Pack scheme.
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