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Silicon-based all-solid-state batteries offer high energy density and safety but
face significant application challenges due to the requirement of high external
pressure. In this study, a Liy;Sis/Si-Li,;Sis double-layered anode is developed
for all-solid-state batteries operating free from external pressure. Under the
cold-pressed sintering of Li»;Sis alloys, the anode forms a top layer (Liy;Sis
layer) with mixed ionic/electronic conduction and a bottom layer (Si-Li,;Sis
layer) containing a three-dimensional continuous conductive network. The
resultant uniform electric field at the anode|SSE interface eliminates the need
for high external pressure and simultaneously enables a twofold enhancement
of the lithium-ion flux at the anode interface. Such an efficient ionic/electronic
transport system also facilitates the uniform release of cycling expansion
stresses from the Si particles and stabilizes bulk-phase and interfacial structure
of anode. Consequently, the Li»;Sis/Si-Liy; Sis anode exhibited a critical current
density of 10 mA cm™ at 45 °C with a capacity of 10 mAh cm™. And the Li,;Sis/
Si-Li,;Sis|LigPSsCI|Li5InCl|LCO cell achieve an high initial Coulombic effi-
ciency of (97 +0.7)% with areal capacity of 2.8 mAh cm™ at 0.25 mA cm™, as
well as a low expansion rate of 14.5% after 1000 cycles at 2.5 mA cm™.

The development and application of solid-state electrolytes (SSEs)
with high ionic conductivity, such as sulfides and chlorides, have led to
remarkable performance improvements in all-solid-state batteries
(ASSBs)"™*. In particular, lithium metal/silicon-based ASSBs promise
specific energies of over 500 Wh kg™>¢. However, in order to coun-
teract the volume expansion and interfacial weakening of the anode, a
high external pressure must be applied to provide a uniform
force field.

Several recent studies have reported that a suitable stack pressure
(e.g., 70 MPa) can increase the critical current density (CCD) of the
lithium metal anode and thus inhibit the formation of lithium
dendrites’”’. For the silicon (Si) anode, as shown in Supplementary
Fig. 1a, a higher stack pressure (e.g., 370 MPa) is required to inhibit the
volume expansion of the Si anode and stabilize the interface between
the anode and the SSE'°". The stack pressure mentioned above can
provide an external pressure of tens of megapascals for the ASSBs
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during cycling, which ensures its high performance'*”. In fact, main-
taining high external pressure on the practical ASSBs is technically
difficult and costly, which greatly hinders the scale-up process of
ASSBSI'16'17.

During the cycling of lithium metal ASSBs free from external
pressure (Supplementary Fig. 1b), the lithium deposition behavior at
the anode side is highly dependent on the electric field distribution at
the interface'®'”. Weakly-coupled interfaces are susceptible to voltage
polarization, which induces inhomogeneous deposition of lithium
metal and generate lithium dendrites, resulting in low CCD and
insufficient capacity®. Different from the lithium plating in lithium
metal anodes, Si anodes store lithium ion within the bulk phase of Si
through an alloying process. This enables a significant higher CCD of Si
anodes than lithium metal anodes”*. However, during the first cycle,
Si anodes can expand up to 300% in volume, leading to structural
fragmentation of the anode”?*. This causes severe damage to the
interface between the anode and the electrolyte, resulting in uneven
distribution of lithium-ion flux and the formation of lithium dendrites
(Fig. 1a). This challenge raises a critical question as to how to design an
all-solid-state Si anode that is structurally and interfacially stable dur-
ing cycling.

In this study, we present an anode design to homogenize the
electric field of Si-ASSBs via Li,;Sis alloys, which eliminates the need for
the force field from high external pressure and simultaneously enables
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a twofold enhancement of the lithium-ion flux at the anode interface. A
Li,;Sis/Si-LiSis anode was proposed for ASSBs operating free from
external pressure. As shown in Fig. 1b, the Si-Li,;Sis anode formed by
mixing Li»Sis alloy with Si at weigh ratio of 1:1 showed excellent three-
dimensional continuous conductive network enabled by cold-pressed
sintering. Compared to the pure Si anode, the Li,;Sis particle accel-
erates the self-discharge effect with Si particle, achieving a more
uniform electrochemical sintering. However, this anode architecture
still suffers regional cracking in bulk and lithium dendrite growth at
the interface. Therefore, as shown in Fig. 1c, the Li,;Sis layer is
pressed upon Si-Li,;Sis anode after cold-pressed sintering. It serves
as a mixed ionic/electronic conductor layer, which homogenizes the
surface electric field of the anode, facilitating uniform and rapid
transportation of lithium ions to the surface of the Si-LixSis. The
lithium ions then uniformly alloy with Si particles to form Li,Si
(x<3.75) through the Li,;Sis alloy network within the electrode. The
stress caused by the cycling expansion during the alloying process is
uniformly released in the Si-Li,;Sis layer without damaging the
interface. This ensures the stability of anode bulk and anode|SSE
interface. As a result, the Liy;Sis/Si-Liy;Sis|LigPSsCl|LizInClg|LCO cell
delivered an high initial Coulombic efficiency (ICE) of (97 +0.7)%
with areal capacity of 2.8 mAh cm™ at 0.25 mA cm™2 and 45 °C, as well
as a capacity retention reaching 80% after 183 cycles and 54.9% after
1000 cycles at 2.5mA cm™.
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Fig. 1| Three different Si-anode designs and the advantages of pressure-free Li»;Sis/Si-Li»;Sis-ASSBs. Schematic of the anode|SSE structures for Si-ASSBs (a), Si-Li,;Sis-

ASSBs (b), and Li,;Sis/Si-Li»;Sis-ASSBs (c).
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Fig. 2 | Structural characterization and surface potential of the Li,;Sis/Si-
Li,;Sis anode. Cross-section SEM images of Si-Li,;Sis electrodes with 50 wt% (a,), 75
wt% (az) and 100 wt% (az) of Liy;Sis. Cross-section SEM images of Liy;Sis/Si-Liy;Sis
electrode with thickness of 50.2 pum (a4) and 105 pm (as). Enlarged cross-section
(b), surface (c) and backside (d) SEM images of Li»;Sis/Si-Li,;Sis anode. AFM images

Stress simulation under different electric fields

of Si anode (ey), Si-Li»;Sis anode (fy), and LiSis/Si-LiSis anode (gy), respectively.
Area potential profile of Si anode (e,), Si-LiySis anode (f,), and Li,;Sis/Si-Li,;Sis
anode (g,), respectively. (h) line potential profiles in (e,), (f»), and (g5). Stress and
current distribution under Si|SSE model (i) and Si|Li,;Sis|SSE model (j).

Results and discussion

Design and characterization of the Liy;Sis/Si-Li,;Sis anode

for ASSBs

Based on our previous work®, the Li,;Sis powder was prepared by a
spontaneous Li-Si alloying method, followed by its mixing with Si
particles by stack pressure (50 wt% of Li,;Sis alloy was determined to
be the optimal ratio for the anode). In this study, as shown in Fig. 2,;.,3,
5 mg Si-LiySis powders with 50 wt% (a;), 75 wt% (a,) and 100 wt% (as)
of Li,;Sis was respectively weighed into the mould of ASSBs and cold-
pressed under 600 MPa for 3 min to obtain electrode, their thicknesses
were 22.9, 22.1 and 21.6 pm, respectively. As the Li,;Sis alloy content

increased, the electrodes became denser higher. And then, Li,;Sis
electrode was pressed on the Si-Liy;Sis electrode (50 wt% of Liy;Sis)
under a stack pressure of 600 MPa, thus forming a LiySis/Si-Li,;Sis
anode with the thickness of 50.2 um (Fig. 2.4). Further increasing the
powder mass to 10 mg enabled the fabrication of electrodes with a
thickness of 105um, in which the Si-Li;Sis and LiySis layers are
47.5 um and 57.5 um thick, respectivley. In Fig. 2a,, .4, and ,s, the the-
oretical maximum areal capacity of the Li,;Sis/Si-Li»Sis anode is 4.67,
9.37, and 18.75 mAh cm™, respectively. Surprisingly, the LiySis parti-
cles in the anode were sintered together under the cold pressing
(Fig. 2c, d). The surface scanning electron microscope (SEM) image of
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Si-LiySis electrode with 50 wt% Li,;Sis is shown in the Fig. 2d, the Li,;Sis
particles (black) were distributed in a uniform manner around the Si
particles (white), forming an excellent three-dimensional continuous
conductive network enabled by cold-pressed sintering. Before apply-
ing stack pressure, the LiySis particles (Supplementary Fig. 2a) and
Si-LiySis particles (Supplementary Fig. 2b) were uniformly dispersed.
At this stage, the Si-Liy;Sis particles were unable to form close physical
contact with each other. Supplementary Fig. 3a-g and Supplementary
Fig. 3h demonstrate the sintering phenomenon and square resistance
of Li»;Sis powder under different stack pressures. As the stack pressure
was increased from 100 to 700 MPa, the neighboring Li,;Sis particles
slowly fused together and reached the most suitable dense state at
600 MPa. At the same time, the value of square resistance dropped to a
minimum of 0.05Qcm™. Supplementary Fig. 4 shows that LiySis
amorphization was more pronounced on the Si-LiySis layer, as
revealed by X-ray diffraction (XRD) patterns, compared to previous
studies?. This indicates the promoted self-discharge behavior between
Li>;Sis and Si particles. As shown in Supplementary Fig. 5, when
Si-LixSis is cold-sintered for a long time and then assembled into a
ASSB with lithium metal, lithium ions in the LiySis alloy continue to
enter the bulk phase of Si to form Li,Si. The voltage at the anode
decreases continuously as the value of “x” increases. Compared to the
case of 370 MPa, a greater stack pressure of 600 MPa is more con-
ducive to the formation of a Li-Si conductive coating layer on the
surface of Si particles. The reduction in Young’s modulus of the Li,;Sis
alloy is attributed to its saturated lithium content*?. To better
understand the self-discharge behavior, as shown in Supplementary
Fig. 6, "Li solid-state nuclear magnetic resonance (SSNMR) was used to
probe the chemical state of Li»Sis powder and Si-LiSis powder. It is
sensitive to both crystalline and amorphous phases. Based on the lit-
erature already reported by Key et al.”®, the homogeneous distribution
of Si ions in the Li matrix gives rise to the most shielded Li environ-
ment(s), resulting in a broad resonance. The curve showed broad
signals centered at 92.5, 9.5, and 5.2 ppm, the 92.5 ppm indicates the
fully lithiated Si in the form of Li,;Sis, and the 9.5 ppm and 5.2 ppm can
be assigned to phases of Li;sSiy and Lij;Siy, respectively. It indicates the
presence of Li,Si heterophase within the Li,;Sis phase. After cold-
pressed sintering, the Si-LiySis displayed a significantly enhanced
signal at 9.5 ppm, suggesting that the Li-Si alloy is undergoing a
transition from a high lithium state to a low lithium state. As a result,
we demonstrate that the cold-pressed sintering and self-discharge
effects facilitate the formation of integrated electrodes with three-
dimensional ionic/electronic dual-conductor LixSis layer and con-
ductive networks in Si-Li,;Sis layer.

In order to further investigate the impact of the conductive net-
work/layer, the Kelvin probe force microscopy (KPFM) was conducted,
as illustrated in Fig. 2e-g. The roughness increases from 0.45 to 2.15 pm
in Fig. 2¢1.¢1, which is likely attributable to the markedly lower Young's
modulus of Li,;Sis alloys in comparison to that of Si. This property
renders them highly malleable, facilitating their retention on the mold
surface throughout the demolding process. The surface potential
(Fig. 2e2.57) and the line profiles (Fig. 2h) indicate that Si-LiSis layer
has a much more uniform potential distribution with a narrower range
(0-148 mV) than pure Si (0-521 mV). However, as shown in Fig. 2d, h,
pure Si particles are still present in the Si-LiSis layer, leading to sharp
fluctuations of its potential in local areas. Note that the uneven charge
or potential distribution can result in the formation of “hot spots” that
can induce the dendrite growth. In contrast, Li,;Sis layer exhibits the
most uniform potential distribution with the narrowest range
(0-51.7 mV), which can reduce the risk of dendrite growth and achieve
uniform lithiation of Si particles.

In order to further analyze the distribution of current and stress,
we simplified the Si-LiSis anode as a Si anode, established two
models (Si|[SSE and Si|Li»;Si5|SSE) via COMSOL, and calculated the
current and stress distributions during the lithiation process based on

finite element simulations. As shown in Fig. 2i, j, the results demon-
strate that during heterogeneous lithiation of the Si|[SSE model, the
Li,Si (x<3.75) generated at the interface between the Si and SSE exhi-
bits enhanced electrical conductivity, which attracts the lithium ions
and causes a marked increase in expansion stress at the interfaces. In
contrast, when the Si|Li»Sis|SSE model undergoes heterogeneous
lithiation, the high conductivity of Li,;Sis ensures that the lithium ions
are always in a homogenized electric field, resulting in a significantly
smaller stress at the interface compared to the Si|[SSE model.

As is well known, the lithiation process of pristine Si particles
results in a huge volume expansion. Therefore, in order to achieve high
performance of ASSBs operating without external pressure, it is critical
to stabilize the structure of the Si anode during the first lithiation
process. The ASSBs were assembled using SSE (Li¢PSsCl, Supplemen-
tary Fig. 7a) at the anode interface, lithium indium chloride SSE
(LizInClg, Supplementary Fig. 7b) at the cathode interface, and lithium
cobaltate (LiCoO,, LCO) as the cathode material. To analyze the evo-
lution of the Si anode during lithiation in the absence of external
pressure, pure Si electrode, Si-Li,;Sis electrode, and Li;Sis/Si-Li,;Sis
electrode were used as anodes, respectively. It should be noted that
the LiySis/Si-Li,;Sis anode has a clearer bilayer structure at a high N/P
ratio. In order to show the comparative performance of different
electrodes, the electrochemical performance tests of the LiySis/
Si-LiSis anode in the following section were carried out based on an
N/P ratio of 6.7.

As demonstrated in Fig. 3a-c, the three anodes display distinct
characteristics during lithiation in ASSB at 3 mAh: (1) During the
lithiation process at an elevated capacity of 0.5, 1.5, and 3 mAh, the
lithiated region expanded slowly in the pure Si electrode due to the
lack of an effective ionic/electronic conducting network. (2) Li,;Sis
provides an efficient bulk phase conduction system for Si-Li,;Sis
electrode, which can rapidly transport lithium ions to the Si particles.
However, the transport of lithium ions is highly dependent on the
distribution of the Li,;Sis particles. Note that lithium ions tend to react
preferentially with the Si in the LixSis-enriched regions. This reaction
produces a localized stress concentration during the electrochemical
sintering process, leading to the formation of local cracks inside the
electrode. (3) The electrode structure of the Liy;Sis/Si—Li»;Si5 electrode
remained stable during the electrochemical sintering process. The
Li»;Sis layer presents an excellent ionic/electronic conductive inter-
layer, which can homogenize the electric field and lithium-ion flux into
the Si particles of the Si-LiySis. This also contributes to a uniform
dispersion of the expansion stress of the Si particles. Further, the
lithium ions uniformly and rapidly lithiated through the efficient
conductive network of Si-Li,;Sis. It is worth noting that this reaction
process always occurs at the Si-Liy Sis layer, which effectively prevents
the expansion stress from damaging the interface between the Li;Sis
layer and SSE layer.

Figure 3d, e and Supplementary Fig. 8 show the electrochemical
impedance spectra (EIS) of the above ASSBs after the initial cycle. EIS
data was described in detail with the corresponding equivalent circuit,
which includes the resistance of ohmic contact (Rs), ion-transfer
resistance at SEI (Rsei), charge transfer resistance at the electrode/
electrolyte interface (Rct), and the Warburg impedance (Zw)”. The
electrodes of pure Si, Si-Li,;Sis electrodes, and Li,;Sis/Si-LiySis elec-
trodes correspond to Rs of 55.3, 35.6, and 12.9 Q, Rsei of 29.1, 12.6, and
5.3Q, and Rct of 201.8, 74.1, and 13.3 Q, respectively. Figure 3f and
Supplementary Fig. 9 show the lithium diffusion coefficient of the
above ASSBs calculated from PITT. The Li* diffusion coefficient of
Li5;Sis/Si-LixSis|SSEILCO was 2.09 x10°cm?S™ at 3.9V, and was
higher than 1.27 x10° cm?S™ and 0.08 x 107® cm?S™ for Si-Li,;Sis|SSE|
LCO and Si|SSE|LCO. Supplementary Table 1 is comparison of diffusion
coefficient in this work and different anode in published literature. It
shows that the lithiated anode will have higher diffusion coefficients,
and the Li,;Sis alloy has greater diffusion coefficients than them. These
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Fig. 3 | Characterization of ionic/electronic transport property of the Li,;Sis/
Si-Li,;Sis anode for ASSBs. Cross-section SEM images of Si (a), Si-LiSis (b), and
Li»;Sis/Si-Li»;Sis (c) anode after lithiation of the anode|SSE|LCO cells. EIS test (d)
and corresponding calculated resistance of the cells using Si, Si-Li,;Sis, and LiySis/

Si-Li»;Sis anode after 1 cycle (e). fLithium diffusion coefficient calculated from PITT.
g CCD test for the cells of Si-Liy;Sis|SSE|LiSis and Liy;Sis/Si-Liy;Sis|SSE|Li,;Sis.
h Galvanostatic cycling of the above cells at 2 mA cm™.

results highlight the structural advantages of the LiySis/Si-Li,;Sis
anode: Li,;Sis particles enhance the bulk-phase electric conductivity of
the anode, while the Li,;Sis layer averages the electric field, disperses
the expansion stress, and further stabilize the anode bulk and interface
structure.

Figure 3g displays the charge-discharge profiles of the cells of
SI—L121S|5|SSE|L|21SIS and LIZISls/Sl—L|21Sl5|SSE|L|21Sls. At the end of the
charge of the CCD test, a sharp voltage spike occurs, which can be
ascribed to the expansion behavior of Si particles during lithiation. A
CCD of 10mAcm™ at a capacity of 10 mAhcm™ was achieved for
Li,;Sis/Si-LiySis electrode, which was significantly larger than
4 mA cm™ at a capacity of 4 mAh cm™ of Si-LiSis electrode. Figure 3h
demonstrates the cyclic performance of the two types of cells at a
current density of 2mA cm™ and a capacity of 2mAh cm™. The Si-
Li,;Sis electrode showed a rapid increase in polarization voltage during
the first 10 cycles. In contrast, the Liy;Sis/Si-Li,;Sis electrode achieved
100 stable cycles. Furthermore, Supplementary Fig. 10 displayed
50 stable cycles at a current density of 4 mAcm™ and a capacity of
4 mAhcm™,

Expansion evolution of the Liy;Sis/Si—Li,;Sis
It is known that Si anode will suffer dramatic volume changes during
cycling, causing irreversible damage to the interface between the

anode and the SSE, which in turn leads to the voltage polarization.
Among them, micrometer-sized Si particles will be accompanied by
particle fragmentation process. To reveal the expansion evolution of
the LiySis/Si-Li,;Sis during lithiation, we performed in-situ Transmis-
sion Electron Microscopy (in-situ TEM) to monitor its structural evo-
lution during the initial charge process (Fig. 4, Supplementary Movie 1,
and Supplementary Movie 2). The nanobattery setup in TEM involved a
lithium metal counter electrode, the naturally formed lithium oxide
(Li»O) as a solid electrolyte, and a single Si particle from Si anode or
Li-Si@Si particle from Li,;Sis/Si-LixSis anode as the working elec-
trode, as depicted in Fig. 4a;-as, 4b;-bs.

In the actual low-rate lithiation process, both the Si anode and the
Li-Si@Si anode have enough time to react. Therefore, the time of
lithiation is not limited in the in-situ TEM test. Due to the low intrinsic
conductivity of pure Si particles (3 x 10°S cm™), its lithiation process is
highly dependent on the electrical contact condition. After 130 s, the Si
particles began to lithiate from its contact area with Li,O/Li electrode.
After 160 s, the outer part of the particles underwent lithiation, causing
intense volume expansion. Finally, after 180 s, the particles fragmented
along the direction of lithiation due to the uneven distribution of
lithium-ion flux. In contrast, the Si particles from the Liy;Sis/Si-Li,;Sis
anode have good ionic/electronic transport capability, because a Li-Si
alloy layer is formed on the surface of the Si particles under the effect
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Fig. 4 | Structure evolution of the Li,;Sis/Si-Li,;Sis anode during cycling. In-situ
TEM observation of Si particle (a;-as) and Li-Si@Si (b;-bs) particle during lithia-
tion. Modeling and stress distribution of Si particle (c) and Li-Si@Si (d) particle

during lithiation. HRTEM and selected area electron diffraction patterns of the
Li,;Sis particle before e-g and after h, j cycling.

of self-discharge. As shown in the Supplementary Fig. 11, a 30-60 nm
thick coating layer of Li,Si was observed on the surface of the Si par-
ticles after self-discharge. When the Li-Si@Si particle was brought into
contact with Li,O/Li electrode, the particle began to expand uniformly
in the first 60 s, indicating rapid diffusion of lithium ions from the
physical contact sites along the Li-Si coating layer to the Si core. After

65, the lithiation of Si was accelerated, forming more Li-Si alloy
phase. After completion of lithiation, the Si particle expanded without
fragmentation, and the lithiation rate was significantly faster. Benefit-
ing from the pre-lithiation of the Li;Sis/Si-Li,Sis anode during the
cold-pressed sintering process, part of Li-Si@Si’s volume expansion
stress had been released in advance, while the subsequent uniform
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Fig. 5 | Electrochemical properties of Li,;Sis/Si-Li;Sis-ASSBs. a, b Charge-
discharge profiles of Si-Li,;SisrASSB and Li,;Sis/Si-Liz;Sis-ASSB at 2.3 mA cm™ for
cathode mass loadings of 16.8 mg cm™. ¢, Charge-discharge profile of Liy;Sis/
Si-Li,;Sis-ASSB at different areal capacity. d Rate capability test. e Cycle

performance of LiySis/Si-LiSis-ASSBs with different N/P ratios. f Long cycle per-
formance of LiySis/Si-Li»Sis-ASSBs (N/P = 6.7). All of the above cells used LigPSsCl|
Li5InClg as SSE and LCO as the cathode.

lithiation avoided fragmentation of the Si particles. As a result, the
Li-Si@Si anode has a lower expansion rate. This suggests that the Li-Si
layer on the surface of Li-Si@Si particles homogenizes the lithium-ion
flux during the lithiation process, leading to efficient dispersion of
expansion stresses.

To reveal the stress buildup/release mechanism of Si particle and
Li-Si@Si particle, we performed modeling via COMSOL. As shown in
Fig. 4c and Supplementary Fig. 12a, when the electrical contact of Si is
limited, lithiation behavior occurs first in the contact region. The stress
is accumulated at the interface between the outer Li,Si and inner
unreactive Si, reaching up to 30 GPa. Such a lithiation behavior likely
leads to a buildup of stress, resulting in crack propagation. In contrast,
as shown in Fig. 4d and Supplementary Fig. 12b, Li-Si@Si particle
exhibits a distinct lithiation behavior. The expansion stress in the Si is
uniformly distributed, with a maximum of only 20 GPa when the sur-
face of the particles is evenly lithiated.

During the cycling process, Li»;Sis can also serve as a pre-lithiation
particle for the ASSBs. Figure 4e-g shows discontinuous lattice fringes
in the High-Resolution Transition Electron Microscopy (HRTEM)

images of Liy;Sis before cycling, corresponding to the diffraction rings
of (331) and (551) obtained by selected area electron diffraction pat-
tern. This indicates that the Li,;Sis before cycling was in a mixed state
of amorphous and crystalline phases. After cycling, the HRTEM image
did not show any obvious lattice fringes, indicating a complete
amorphous state of the alloy (Fig. 4h-j). This conclusion is consistent
with the amorphization of Si during the electrochemical sintering
process. During the delithiation process, the potential of LiySis is
lower than that of Si and Li,Si (x<3.75) alloy, and consequently, Li,;Sis
will lose lithium ions and eventually transformed into a Li,Si alloy®.

Electrochemical properties and interface evolution of ASSBs
operating free from external pressure

ICEs and cycling performance of Li,;Sis/Si-Li»;Sis-ASSBs with different
LCO mass loadings were investigated operating free from external
pressure. Figure 5a, b illustrates the ICEs and charge-discharge profiles
of Si-Li»;Sis-ASSB and Liy;Sis/Si-Li5Sis-ASSB at 0.23mAcm™ and a
capacity of 2.3 mAh cm™. Their ICEs were 92.74% and 97.69%, respec-
tively. However, the Si-Liy;Sis-ASSB experienced a soft short circuit
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during the second cycle, indicating that lithium dendrites were initi-
ated at the interface. As shown in Supplementary Fig. 13a-c, the same
phenomenon was observed in higher lithium content anode. In con-
trast, the Li,;Sis/Si-LiySis-ASSB exhibits 99% CE in the second cycle,
which can be ascribed to the homogenized lithium-ion distribution
enabled by the ionic/electronic conducting Li,;Sis layer. The LiySis/
Si-Li»;Sis-ASSB in Fig. 5b demonstrate a marked overpotential during
the initial charge cycle, which is likely attributable to side reactions
between the Li,;Sis layer and the SSE, as well as concentration polar-
ization between the Li,;Sis alloy and the cathode. The real-time pres-
sure monitoring data of LiySis/Si-Li»Sis-ASSB was shown in
Supplementary Fig. 14. After applying the minimum pressure load
(0.8 MPa) of the equipment to limit the thickness of Li»;Sis/Si-Li,;Sis-
ASSB, the pressure increased by 1.51 MPa in the first charge. In the next
cycles, the rate of pressure change was slowly decreasing.
Homogeneous electric field at the interface and integrated bulk
structure contribute to achieving excellent performance at high mass
loading and high-rate. Figure 5c illustrates the charge-discharge profiles
at 0.1C for cathode mass loadings of 12mgcm? 36 mgcm?, and
54 mg cm?, respectively. At this time, their N/P ratios were 11, 3.5, and
24, with discharge capacities of 1.7 mAhcm?, 54 mAhcm™, and
7.8 mAh cm™, respectively. Figure 5d shows the rate performance of
Li»Sis/Si-LiSis-ASSBs at different current densities. It delivered a spe-
cific capacity of 141.8 mAh g™ with ICE of 97.66% at current density of
0.3 mAcm™ When the current density was increased to 0.6 mA cm?,

L3mAcm?, 25mAcm? 38mAcm? 50mAcm? 63mAcm?
76mAcm? and 9mAcm? the discharge specific capacity was
99mAhg?, 79mAhg’, 622mAhg’, 527mAhg’, 433mAhg’,

33.8mAhg?, 243 mAhg?, and 14.5mAh g, respectively. The cycling
performance is more stable at higher current density, indicating the
excellent high-rate performance. Furthermore, Supplementary Fig. 15
illustrates the rate performance at high areal capacity with a cathode
mass loading of 60 mg cm™. When the current density was 0.3 mA cm?,
0.6mAcm? 1L3mAcm? 25mAcm? 50mAcm? 7.6 mAcm? and
10.2mAcm™, the areal capacity was 7.8 mAhcm™ 6.7mAhcm?
57mAhcm?, ~ 35mAhcm? 12mAhcm? 03mAhcm? and
0.02 mAh cm?, respectively.

To analyze the effect of the lithiation depth of Si in the LiySis/
Si-LiySis anode on its cycling performance, as shown in Fig. 5e, ASSBs
with N/P ratios of 1.6, 3.3, and 6.7 were tested at the same current
density and cathode capacity mass loading. As the N/P ratio increased,
the ICE of the cells exhibited values of 89.8%, 91.7%, and 96.3%,
respectively. After 100 cycles, their capacity retentions were 15.6%,
86.3%, and 88.2%, respectively. These findings indicate that saturated
lithiation of Si directly results in low ICE and capacity decay of the cells
during cycling operating free from external pressure. Supplementary
Fig. 16 displays the cross-section SEM images of above Liy;Sis/Si-Li,;Sis
anode after cycling with thicknesses of 37.4, 64.9, and 121.4 pm, cor-
responding to expansion rate of 69.2%, 29.3%, and 15.6%, respectively.
It is evident that the electrode with N/P ratios of 1.6 exhibit pro-
nounced cracking, which is likely the underlying cause of their per-
formance degradation. Indeed, the majority of commercially available
Si anode are designed to circumvent the phenomenon of saturated
lithiation of Si.

Furthermore, the cycling performance of the Liy;Sis/Si-Liy;Sis-
ASSB (N/P = 6.7) was tested with a cathode mass loading of 20 mgcm™,
which delivered a discharge specific capacity of 138.9 mAh g™ (Fig. 5f).
The capacity retentions were 80% (183 cycles) and 54.9% (1000 cycles)
at 2.5mA cm™, and average CEs were 99.86% and 99.92%, with stan-
dard deviations of 0.0048 and 0.018, respectively. In contrast, the
ASSB made of pure Si as anode exhibited a specific capacity of
80.5mAh g™ during the first discharge operating free from external
pressure, but its ICE was only 66.9% (Supplementary Fig. 17a). Unfor-
tunately, the cell failed abruptly after only 20 cycles. Moreover, the
discharge specific capacity of the Si-Li,;Sis-ASSB dropped from

73.2mAh g to 49.5mAhg™ after 20 cycles at a current density of
1.3 mA cm™. A soft short circuit occurred after 30 cycles, and the cell
suddenly failed after 685 cycles (Supplementary Fig. 17b).

The EIS tests were performed on the Si-ASSB, Si-Li»;Sis-ASSB, and
Li,;Sis/Si-LiSis-ASSB (Supplementary Fig. 18a). The results of the
Li,;Sis/Si-Li,;Sis-ASSB before and after cycling showed an increase in Rs
from 12.9 to 38.6 Q, Rsei from 5.3 to 23.3 Q and Rct from 13.3 to 38.9 Q
(Supplementary Fig. 18b). The slowly increasing impedance demon-
strated that the anode structure and interface of the Li,;Sis/Si—LiySis-
ASSB remained stable. In contrast, the Rct of Si-ASSB and Si-Liy;Sis-
ASSB, especially the former, had exponentially increased, indicating
severe damage to the anode structure and interface. It is worth noting
that the Rs of the Si-Li,;Sis-ASSB was much lower than the initial value
of 36.5 Q before cycling, suggesting a soft short circuit during cycling,
which is consistent with the conclusion of Supplementary Fig. 17.
Finally, Supplementary Fig. 19 and Supplementary Table 2 compare the
cycling performance of LiySis/Si-Li;Sis-ASSB with the published
literatures.

To further analyze the mechanism of Li,;Sis/Si-LiSis anode, the
ASSBs in the Supplementary Fig. 18 was disassembled after cycling.
Figure 6a-g displays the results of its X-ray photoelectron spectro-
scopy (XPS) and cross-section SEM characterizations. After cycling,
(Li-)Si-PS,> (100.8 eV) and Li-Si (98.2 eV) were found on the anode
surface (Fig. 6a), which was related to the electrochemical decom-
position behavior of the sulfide electrolyte at the interface with the
Li,;Sis alloy. This is further supported by the appearance of Li,S inthe S
2p orbitals and PO,* in the P 2p orbitals, as shown in Fig. 6b, c. Due to
the low Young's modulus and high ionic/electronic conductivity of the
Li»;Sis layer, the LigPSsCl maintains stable physical contact with the
Li,;Sis layer. This results in significantly weaker decomposition beha-
vior of the LigPSsCl at the interface compared to previous reports?,
which is more conducive to lithium ions transport at the interface.
Figure 6d-g and Supplementary Fig. 20 show the cross-section SEM
images and elemental mapping of Li»;Sis/Si-Li,;Sis-ASSB after cycling
operating free from external pressure. After cycling, the interface
between the anode and the electrolyte remained in close contact
without any visible cracks. The anode had a thickness of 120.3 um and
an expansion rate of 14.5%. In contrast, as shown in Fig. 6h, i, the
Si-Liy; Sis ASSB showed significant lithium dendrite growth behavior at
the anode|SSE interface after cycling. Even if a reactive region with
good electric contact existed at the anode, the structure of the anode
would be damaged by the large regional stresses, resulting in the
formation of a large number of cracks (Supplementary Fig. 21). The
fragmentation and volume change of the anode further weakens the
interfacial contact between the anode and the SSE, which in turn
generates a larger polarization voltage, leading to the formation of
lithium dendrites due to lithium-ion concentration at the “hot spots”.

In this study, we developed a LiySis/Si-Li,;Sis double-layered
anode for ASSBs operating free from external pressure. The cold-
pressed sintering of LiySis powders at 600 MPa can facilitate the
construction of a structurally stable Liy;Sis/Si-Li»Sis anode with a
mixed ionic/electronic conductor layer (the LiySis layer) and three-
dimensional continuous conductive networks (Li»;Sis network in the
Si-LixSis layer). The Liy;Sis layer homogenizes the surface electric
field of the anode, facilitating uniform and rapid transportation of
lithium ions to the surface of the Si-Liy;Sis and avoiding the den-
drites penetration into the SSE. Sufficient electrical contact will
accelerate the self-discharge behavior between Li,;Sis and Si parti-
cles, and avoid stress concentration during cycling of Si particles,
which stabilizes the structure of anode. It enabled the ASSBs to
achieve an ICE of (97 £ 0.7)% at 0.25 mA cm™ and 45 °C. The error of
ICE was estimated based on the maximum and minimum values.
Stable cycles were achieved for first discharge capacities of
2.8 mAh cm2 with low expansion rate of 14.5%. The LiySis/Si—Lis;Sis-
ASSBs also achieved excellent performance at different rates. In
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Li,;Sis/Si-Li»;Sis-ASSBs after cycling. h Cross-section SEM images of Si-Li»;Sis-ASSBs after cycling. i Enlarged SEM image of the boxed area of Fig. 6h.

addition, through in-situ/ex situ testing, we found that the structural
fragmentation of the Si anode will directly disrupt the interfacial
electrical contact between the SSE and the anode during cycling,
resulting in a larger polarization voltage, which in turn induces the
growth of lithium dendrites.

Methods

Synthesis of materials and electrodes

The Si powder (1 um, 99.9% Xuzhou Jiechuang), LCO (99.99%, Kejing),
Li;InClg (200 nm, water-mediated synthesis*), LigPSsCl (500 nm,
99.9%, Mache Power) and ASSB mould (WuHan Chuangneng) were
stored in an Ar-filled glove box with moisture and O, contents below
0.1 ppm. Preparation of electrodes and assembly /disassembly of
ASSBs were carried out in Ar-filled glove box. Firstly, the Si powder and
the lithium tablets (99.9%, Canrd) were weighted with a molar ratio of
5:21. Put the lithium tablets on a heating plate. Spread the Si powder
(thickness is ~0.5 cm) on the edge of lithium ensuring physical contact
between them. Heat the plate to the 400 °C and trigger the sponta-
neous reaction between Si powder and molten Li. As the reaction was
completed, the LiSis was obtained. Secondly, Li»Sis and Si were
weighed and mixed homogeneously according to the Liy;Sis alloy ratio
of 0 wt%, 50 wt%, 75 wt%, and 100 wt%, respectively. 5 mg/10 mg of the
above powders were respectively weighed into the mould of ASSBs
and cold-pressed under 600 MPa for 3 min to obtain the pure Si
electrode, Si-LiySis electrode, and pure Liy;Sis electrode. And then,
5mg/10 mg of the Li,;Sis alloy was placed on the surface of Si-LiySis

electrode, 600 MPa was applied and held for 3 min to obtain the
Li»;Sis/Si-Li,;Sis electrode.

All-solid-state ASSBs assembling

30 mg of LigPSsCl was weighed and placed on the surface of the above
electrodes and pre-pressed. 50 mg of Li3InCle was weighed, placed on
the surface of LigPSsCl and pre-pressed. The moulds were cold-pressed
at 370 MPa to obtain the bilayer SSE. LCO and LisInClg were weighed at
a mass ratio of 6:4, mixed and hand-milled for 10 min. The powders
were then placed on the electrolyte surface to obtain cathode layers.
Then the moulds were cold-pressed at 350 MPa and held for 3 min to
obtain ASSBs. If LigPSsCl powder was used as SSE and Li Sis alloy as the
cathode, the cells of SI—LIZIS|5|SSE|L|21S|5 and le]Sls/Sl—L|21515|SSE|
Li»;Sis was obtained.

Characterization

The morphology and corresponding element distribution were char-
acterized by field-emission scanning electron microscopy (FESEM,
SIGMA-HD) and an energy-dispersive X-ray detector, respectively. All
the HRTEM experiments were conducted on a FEI Talos F200s oper-
ating at 200 kV. AFM images and area potential profile were simulta-
neously collected using the Kelvin probe force microscopy (KPFM,
Bruker NW4). The image scan rate was set at 0.3s per line with a
resolution of 128 x 128 pixels. The phase structure was detected by
X-ray diffraction (XRD, Rigaku Ultima IV) with a Cu Ka source. “Li
SSNMR were conducted on a Bruker NEO-600WB NMR spectrometer.
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Samples were packed in 1.3 mm rotors and spun at a speed of 15 kHz.
The XPS was performed on the X-ray photoelectron spectrometer
(XPS, Thermo Scientific K-Alpha).

In-situ TEM tests

The in-situ TEM experiments were carried out using a FEI Talos
F200s TEM equipped with a TEM-STM holder (ZepTools Co. Ltd,
China), which was able to piezo-driven manipulation and elec-
trical biasing. Si or Li-Si@Si particles were loaded on a Mo tip as
the working electrode, while a Cu tip attached with Li metal was
mounted on the other end of the holder serve as counter elec-
trode. The samples were assembled inside Ar-filled glove box.
Then the holder was kept in Ar-filled airtight box for transfer, and
inserted into TEM within 5s. During the insertion process, a thin
Li,O layer formed on the surface of Li metal. When the Si or
Li-Si@Si particle was brought into contact with Li,O layer which
served as solid electrolyte, a solid-state nanobattery was in-situ
assembled. A biasing voltage (+10 V) was applied on the Li metal
to initiate the lithiation process of Si, by reversing the biasing
voltage, the delithiation process of Si occurred.

Electrochemical measurements

The electrochemical impedance of ASSBs was measured by the
CHI660E electrochemical workstation from 100 kHz to 0.1 Hz with an
amplitude of 10 mV. Galvanostatic cycling of symmetrical cells and
ASSBs at different current densities were conducted on a LAND
(CT2001A) battery tester. The charge/discharge cycling performance
of ASSBs was carried out in 2.0-4.2'V (vs. Li/Li*). The lithium diffusion
coefficient was calculated from a LAND (CT2001A) battery tester using
potentiostatic intermittent titration technique (PITT) with a potential
step of 2mV each step lasting 15 min. All of the above electrochemical
tests were performed in a glove box at 45 °C with H,O and O, levels
below 0.1 ppm.

Modeling and simulation
The finite element analysis based on the commercial software COM-
SOL Multiphysics was adopted by the method previously reported in
the research®. In Fig. 2i, j, a periodicity simplified 2D structure was
established to simulate the phase transition due to the chemical/
electrochemical reaction caused by lithium ions and electron transport
in materials.

The current density (derived from Li-ion transport) of this model
is determined by Ohm’s law:

J=0oVe @

Where J is current density and ¢ is potential distribution of this
model, o is the resistance which is related to electronic and ionic
conductivity of material.

To simulate the phenomenon of phase interface transition asso-
ciated with the process of charge transfer (reaction between lithium
ions and Si), we used the simplified Navier-Stokes equation, called
Level-Set, to describe the whole system as following expression shown:
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Where y is a reinitialization parameter to assist equation solved easily,
¢ is parameter controlling interface thickness to describe the thickness
of phase interface, u is the velocity field of phase interface. ¢ is used to
describe the phase state of material, and it is defined as:
0, Reacted Si
-{ . 3)
1, Si

One should note that phase transition is controlled by velocity
field u, which is related to the current J in Si, and we have,
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Where M|; is the relative atomic mass of lithium, F is the Faraday
constant, p is the mass participating in the Si reaction per unit volume.
We then use the previous study to solve the stress-strain simulation of
the modified system®.

In Fig. 4¢, d, an axisymmetric model was built from the perspec-
tive of the number of lithium ions transport sites on the surface of the
Si particles, and the mechanical properties and expansion character-
istics of the material were studied. The parameters involved in the
model were interpolated according to the parameters of Li-Si alloy
materials existing in the crystal database and literature, including
density, Young’s modulus, etc. The stress distribution model of whole
model was built using COMSOL Multiphysics.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all the relevant data are available within the
paper and its Supplementary Information file or from the corre-
sponding author upon request. Source data are provided with
this paper.
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