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A B S T R A C T   

Silicon-based all-solid-state batteries (Si-based ASSBs) are recognized as the most promising alternatives to 
lithium-based (Li-based) ASSBs due to their low-cost, high-energy density, and reliable safety. In this review, we 
describe in detail the electro-chemo-mechanical behavior of Si anode during cycling, including the lithiation 
mechanism, volume expansion, dynamic solid-electrolyte-interphase (SEI) reconstruction of Si anode, the evo-
lution and effect of stress in Si-based ASSBs as well. We also comprehensively summarize the development of all- 
solid-state electrolytes (ASSEs, e.g., LiPON, sulfide, garnet, and polymer) and structural designs of Si anodes (e.g., 
nano-structure and composite structure) in Si-based ASSBs. Moreover, we elaborate in detail the challenges and 
strategies towards high-voltage cathodes of Si-based ASSBs for further construction and application of full bat-
teries. Hence, the significant research advancements of Si-based ASSBs from fundamentals to applications are 
presented in detail. Finally, we propose some rational suggestions and prospects for in-depth research on failure 
mechanisms and the further development of ASSEs and Si-based anodes in Si-based ASSBs. We hope that this 
review will provide valuable insights into failure mechanisms and advanced optimization strategies for the 
development of next-generation Si-based ASSBs, and bridge the gap between fundamental research and practical 
applications, particularly for the readers who are new to this field and have an interest in it.   

1. Introduction 

In recent decades, lithium-ion batteries (LIBs) have achieved 
tremendous development due to their advantages of high energy den-
sity, low self-discharge rate, long-term life, and light weight [1,2]. 
Nowadays, LIBs have been applied a lot in commercial applications, 
including 3C electronic products, electronic vehicles (EVs), grid storage, 
and so on [3]. However, conventional LIBs based on liquid electrolytes 
suffer from electrolyte leakage, flammability, toxicity, etc. [4]. And the 
use of graphite anode with a theoretical specific capacity of only 372 
mAh g− 1 critically limits the energy density of LIBs, which hinders their 
further development [5]. Safety issue and range anxiety have been two 

main barriers to the widespread application of EVs [6]. Recently, ASSBs 
based on advanced ASSEs (e.g., LiPON, sulfide, garnet, and polymer) 
have been proposed to alleviate the safety anxiety of liquid batteries [7, 
8]. Benefiting from the little interfacial side effect, ASSBs could be 
compatible with high-energy-density anodes, such as lithium-metal 
(Li-metal) anodes and Si-based anodes, for breaking the bottleneck of 
the energy density of commercial LIBs [9–13]. 

Li-metal anodes with ultra-high theoretical specific capacity (3860 
mAh g− 1) and ultra-low potential (− 3.04 V vs. standard hydrogen 
electrode) have been considered as the most potential anode materials 
[8,14]. However, the application of Li-metal batteries based on ASSEs 
still faces many issues caused by excess Li. For example, the formation of 
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unstable SEI, instability and inhomogeneous contact of interfaces, 
diffusion limitation of Li-metal, and the growth of lithium dendrites 
could shorten the life span of the ASSBs [4,15]. Besides, the dramatically 
rising price of Li mineral and the poor processability of Li-metal anode 
further impede the development of Li-based ASSBs [16]. 

Hence, alloy-type anodes (e.g., silicon, tin, aluminum, indium) 
without excess Li have attracted a great of interest recently [17–20]. 
Specially, Si-based anode materials possess the highest theoretical spe-
cific capacity (4200 mAh g− 1) and low potential (0.3 V vs. Li+/Li), which 
are considered as another potential anodes for the next-generation 
ASSBs [21–23]. Fig. 1(a) compares key aspects of Si-based ASSBs and 
Li-based ASSBs systems, including cost, energy densities, interface 
compatibility, processability, etc. [16]. Firstly, Si is significantly 
competitive with Li in terms of resource and cost. For example, the 
annual production of Si could achieve 8.0 million tons and the price is 
only $2100 ton− 1, whereas the annual production of Li only reaches 
0.082 million tons and the price of battery-grade lithium carbonate is up 
to $17,000 ton− 1 [16]. Secondly, Si-based ASSBs demonstrate gravi-
metric and volumetric energy densities of 356 Wh kg− 1 and 965 Wh L− 1, 
respectively, which are comparable to those of Li-based ASSBs (410 Wh 
kg− 1 and 928 Wh L− 1, respectively). Next, Si is thermodynamically 
stable with most ASSEs, whereas Li-metal undergoes drastic chemical 
reactions with ASSEs, especially sulfide-type ASSEs [24]. Impressively, 
Si could mix with ASSE to improve the internal ionic conductivity of Si 
composite anode [23]. However, Li-metal anode generally contacts with 
ASSEs via “piece to piece” connections, which causes a low critical 
current density (CCD) and finally leads to severe lithium-dendrite 
growth [5,21]. Lastly, high stacking pressure is usually applied in 

ASSB to maintain intimate contact between electrode and electrolyte, 
whereas it also causes a short circuit in Li-based ASSBs [25,26]. In 
contrast, Si-based ASSBs can adapt to extra stacking pressure and 
operate at room temperature [27]. Unfortunately, Li-based ASSBs al-
ways require elevated temperatures to improve the reaction kinetics 
[16]. Therefore, Si-based ASSBs are the more promising alternatives to 
Li-based ASSBs. 

Nevertheless, the electro-chemo-mechanical behavior of Si anode 
still hinders the practical application (Fig. 1(b)) [28,31]. The huge 
volume expansion of Si anode (> 300%) upon the lithiation process 
results in long-term issues for Si-based LIBs [28,32,33]. For example, the 
dramatically expansion/contraction induces substantial stresses during 
the lithiation/delithiation process, leading to cracks formation and 
pulverization of Si anode, denoted as “mechanical pulverization” [34, 
35]. Furthermore, it causes the disconnection of electronic/ionic sur-
roundings in Si anode as well, denoted as “decay of conductive envi-
ronment” [36]. Simultaneously, the significant volume variation of Si 
anode during long-cycling life results in the formation of an unstable SEI 
layer, denoted as “dynamic SEI reconstruction” [37]. Eventually, 
Si-based LIBs suffer from critically irreversible capacity loss, low 
Coulombic efficiency (CE) and the formation of a thick SEI layer [28, 
38-40]. 

Notably, Si-based ASSBs assembled with ASSEs show novel interfa-
cial interactions and electro-chemo-mechanical behaviors, which are 
more compatible and stable than that assembled with liquid electrolytes 
[21,22]. Hence, Si-based ASSBs not only possess reliable safety and low 
cost, but also alleviate the intrinsic electro-chemo-mechanical issues of 
Si anode [41]. Furthermore, Si-based all-solid-state full batteries with 

Fig. 1. (a) Comprehensive comparison of Si-based and Li-based ASSBs [16]. (b) The development of Si-based ASSBs from fundamental research to practical ap-
plications [28–30]. (a) Reproduced with permission from ref. [16]. Copyright WILEY-VCH, 2022. (b) Reproduced with permission from ref. [28]. Copyright Nature 
Publishing Group, 2016. Reproduced with permission from ref. [29]. Copyright WILEY-VCH, 2012. Reproduced with permission from ref. [30]. Copyright American 
Chemical Society, 2012. 
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various designs (e.g., thin-film or micro battery and pouch battery) are 
anticipated to cater to diverse applications, such as micro-batteries for 
micro-electro-mechanical system (MEMS), and pouch batteries for 3C 
electronic products, EVs, etc. [29,30,42-45]. 

Owing to the multiple advantages, Si-based ASSBs have attracted 
increasing interests year by year, as indicated by the growing number of 
related literatures shown in Fig. 2. In this review article, we describe in 
detail the electro-chemo-mechanical behavior of Si anode, including the 
lithiation mechanism, volume expansion behavior and dynamic SEI 
reconstruction of Si anode, as well as the evolution and effect of stress in 
Si-based ASSBs, which clearly offer an in-depth understanding of the 
failure mechanism of Si-based ASSBs. And then, we comprehensively 
summarize the research progress of Si-based ASSBs, including ASSEs, Si- 
based anode and high-voltage cathode, which could provide advanced 
optimization strategies for further constructing long-cycle and high- 
energy-density Si-based all-solid-state full batteries. Finally, the grand 
challenges and opportunities in the promising field of Si-based ASSBs 
towards the practical application in energy storage systems are high-
lighted. Compared to other review articles about Si-based ASSBs, the 
review comprehensively summarizes the research advancements of all 
components in Si-based ASSBs (e.g., Si anodes, ASSEs, and cathodes), 
and provide an in-depth understanding of failure mechanism, which is 
intended to bridge the gap between fundamental research and practical 
applications. 

2. Electro-chemo-mechanical behavior of Si anode 

Since 1976, Si-based anodes have attracted worldwide attention 
from scientific research institutes and the commercial industry due to 
their high specific capacity and low lithiation potential [46,47]. How-
ever, the electro-chemo-mechanical behavior of Si anode seriously 
hinders the practical application of Si-based LIBs [48]. The huge volume 
expansion, severe mechanical pulverization, and drastic cracks genera-
tion of Si anode during the lithiation process could further deteriorate 
the electrochemical performance of Si-based LIBs [49,50]. Hence, the 
in-depth understanding of failure mechanism in Si-based LIBs is needed. 
In this chapter, the lithiation mechanism and volume expansion of Si 
anode are firstly introduced in detail. And then, the dynamic SEI 
reconstruction at Si anode/ASSE interface is clarified accurately as fol-
lows. Lastly, the evolution and effect of stress in Si-based ASSBs are also 
revealed in detail. 

2.1. Lithiation mechanism of Si anode 

As is well known, Wen et al. had studied the intermediate phases in 
the Li-Si system at 415 ◦C by equilibrium coulometric titration in 1981, 
which were constituted of Li12Si7, Li7Si3, Li13Si4, and Li22Si5, [47]. It 
seemingly indicated that the lithiation process of Si anode underwent 
multiple phases (Fig. 3(a), the dotted line) [32]. In fact, the lithiation 
process of Si anode goes from crystalline Si to amorphous LixSi via a 
two-phase transformation, which was firstly discovered by Limthongkul 
et al. in 2003 [51]. And the mechanism could be also demonstrated by 
the corresponding galvanostatic voltage profiles of Si electrodes with a 
relatively flat voltage plateau around 0.1 V vs. Li+/Li (Fig. 3(a), the solid 
line) [32]. Since the Gibbs free energy of the amorphous phase is lower 
than that of intermediate phases, Si anode tends to form amorphous LixSi 
rather than intermediate phases during the lithiation process [51]. In 
2004, Obrovac and coworkers also verified a similar amorphization 
process, and even showed that amorphous LixSi was crystallized to form 
a Li15Si4 phase when it was further lithiated below 50 mV (vs. Li+/Li) 
[52]. And Netz et al. demonstrated the electrochemical phenomena as 
well [53]. Therefore, the final lithiation product of Si anode is Li15Si4, 
corresponding to a specific capacity of 3579 mAh g− 1, which is different 
from that of the theoretical Li22Si5 product (4200 mAh g− 1). 

In 2007, Dahn et al. employed an in situ X-ray diffraction (XRD) to 
reveal the lithiation mechanism of Si anode (Fig. 3(b-c)) [54]. Fig. 3(b) 
presents the in situ XRD of the first cycle during the lith-
iation/delithiation process [54]. Upon the first lithiation process, the 
intensities of peaks corresponding to Si(111), Si(220), and Si(311) 
gradually decrease, which indicates that crystalline Si transforms into an 
amorphous LixSi. And these Si peaks almost disappear after the 19th 
scan cycle. Meanwhile, two new peaks representing Li15Si4(332) and 
Li15Si4(431) appear, demonstrating that highly lithiated amorphous Si 
crystallizes to the Li15Si4 phase. Upon the initial delithiation process, the 
intensities of peaks attributing to Li15Si4(332) and Li15Si4(431) decrease 
and the peaks finally disappear. And no crystalline Si peaks could be 
found during the first delithiation process, which suggests that the 
crystalline Li15Si4 is delithiated to form an amorphous LixSi, and finally 
transforms to amorphous Si. The first lithiation process is characterized 
by in situ XRD techniques and galvanostatic discharge tests, both of 
which display the same trend that crystalline Si forms an amorphous 
phase (Fig. 3(c)) [54]. 

In addition, the lithiation mechanism of amorphous Si anode was 
also investigated by Dahn et al., and the lithiation/delithiation process 

Fig. 2. Bar charts of publication trends for Si-based Li-ion batteries and Si-based all-solid-state batteries applied into energy-related fields, showing advancements in 
Si-based anode materials (Data collected from Web of Science, including Jun.− 2023 and expected publications in the year of 2023 and by using the keywords “silicon 
anode, lithium-ion battery”, and “silicon anode, lithium-ion batteries, all-solid-state electrolyte”, respectively). 
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was similar to that of crystalline Si [55]. In fact, the volume variation of 
amorphous Si during cycling is isotropous, which is more homogeneous 
than crystalline Si [56]. Unfortunately, amorphous Si is difficult for 
large-scale commercialization due to the complicated manufacture 
process [57]. 

2.2. Volume expansion of Si anode 

Various types of anodes for LIBs are usually divided into Li-metal 
anodes, intercalation- and insertion-type anodes, conversion-type an-
odes, and alloy-type anodes [58,59]. The alloy-type anodes, especially Si 
anodes, feature high Li storage capacity, yet are accompanied with huge 
volume expansion during the lithiation process. And the volume varia-
tion leads to stress evolution and fracture of Si anodes, eventually 
causing the capacity decay of Si-based LIBs [59]. Thus, many researchers 
employ in situ visualizing-characterization techniques to capture the 
volume variation of Si anode, and the results are described as follows. 

As is well-known, Si anode has an anisotropic swelling during the 
lithiation process, which is proved by the in situ transmission electron 
microscopy (in situ TEM) [60,61]. Fig. 4(a) displays the liquid and solid 
open-cells inside a TEM chamber for the in situ experiments, where Si 
nanowires and Si nanoparticles are used as anodes in liquid and solid 
open-cells, respectively [60]. The morphology evolution of the bent Si 

nanowire in the liquid cell along [112] direction before (left panel) and 
after (right panel) the lithiation process is shown in Fig. 4(b) [60]. 
Obviously, the shape of Si nanowire is transformed from a cylinder to a 
widened-dumbbell during the lithiation process [60]. There are two 
orthogonal directions on the cross-section, i.e., [11_0] and [111_], where 
the lithiation is much faster along the [11_0] direction than [111_], 
indicating that Si undergoes an anisotropic swelling process in the liquid 
cell [60]. And newly formed Li-Si alloy tends to expand to the opposite 
directions of lithiation, thus leading to fast swelling along the 〈110〉
direction [60]. Furthermore, the lithiation process of Si nanowire along 
[112] direction is showed in Fig. 4(c), and the Si nanowire finally forms 
a core-shell structure of crystalline-Si@amorphous-LixSi (c-Si@a-LixSi) 
[60]. Due to the poor electrical conductivity of Si, c-Si at the core could 
not be lithiated completely during the long-term cycling processes. 
Fortunately, Si could be completely lithiated when combined with 
phosphorus (P) or carbon (C) due to the improving electronic conduc-
tivity, which could enhance the rate and cycle performance of batteries 
[62,63]. In addition, Xia et al. investigated the damage tolerance of Si 
nanowires during the lithiation process, which revealed a rapid 
brittle-to-ductile transition of fracture as the Li-to-Si molar ratio 
increasing to above 1.5 (Fig. 4(d)) [61]. Cho et al. demonstrated the 
volume expansion of Si nanoparticles (n-Si) during the lithiation pro-
cess, revealing that the mechanical stability of n-Si depends on their 

Fig. 3. (a) Coulometric titration curve of Li-Si system at 415 ◦C (dotted line) and typical galvanostatic charge/discharge of Si anode at room temperature (solid line) 
[32]. (b) Plots of in situ XRD patterns collected during the cycling of the test cell at C/100. The images above and below show XRD scans of the first discharge (upper 
panel) and the first charge (bottom panel), respectively [54]. (c) Normalized Si Bragg peak intensity vs. specific capacity and potential vs. specific capacity profiles for 
cell#1 cycled at C/100 and cell#2 cycled at C/200, respectively [54]. (a) Reproduced with permission from ref. [32]. Copyright WILEY-VCH, 2013. (b, c) 
Reproduced with permission from ref. [54]. Copyright The Electrochemical Society, 2007. 
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particle sizes (Fig. 4(e)) [64]. Notably, the 5-nm (left upper panel) and 
10-nm (right upper panel) n-Si nanoparticles from assembled cells after 
40 cycles show no particle growth, indicating that the ultra-small par-
ticles maintain the original morphology during the lithiation process 
[64]. And some researches indicated that any dislocations induced by 
volume variation could be quickly drawn to the surface for an ultra-high 
specific surface area of ultra-small sized particles [56,65]. Furthermore, 
the 10-nm sized Si sample shows mixed amorphous/crystalline phases 
while appears to retain its pristine particle size after cycling (Fig. 4(e), 
bottom panel) [64]. However, the 20-nm sized Si sample after cycling 
only presents an amorphous phase with loss of its original morphology 
[64]. Hence, a critical particle size of 10 nm was put forward, above 
which the particles firstly formed surface cracks and then fractured due 
to the swelling induced by the lithiation behavior, and below which the 
particles neither cracked nor fractured [64]. 

Moreover, the volume expansion behavior of two-dimension (2D) Si 
film anodes was observed as well. Song et al. had employed an in situ 
optical system to observe the surface morphology of the Si film, which 
revealed that the debonding induced by crack-face crushing was a 
critical factor of failure mechanism [66]. Some researchers also 
demonstrated that the lithiation process resulted in compressive stress 
on Si film and the delithiation process resulted in tensile stress, leading 
to film cracks generation and interface debonding during the long cycle 

of battery [67–69]. Hence, it is necessary to develop efficient strategies 
to avoid or reduce the interface debonding between 2D Si film and 
current collector, such as designing the three-dimension (3D) structured 
electrode [70,71]. 

Unfortunately, extensive in situ visualization researches have been 
conducted for Li-based ASSBs, while that for Si-based ASSBs are still not 
enough [72]. Therefore, in situ or operando visualizing characterizations 
for the volume evolution of Si anode are urgently needed to further 
reveal the failure mechanism in Si-based ASSBs. 

2.3. Dynamic SEI reconstruction of Si anode 

The huge volume variations of Si anode during the lithiation/deli-
thiation processes induce the degradation of structure and mechanics, 
further resulting in continuous fragmentation and reconstruction of the 
SEI layer [73]. Hence, it is critical to understand the interfacial insta-
bility of Si anode during the long-term cycling processes. This section 
focuses on the long-term impact at the interface brought by the 
electro-chemo-mechanical behavior of Si anode, such as dynamic SEI 
reconstruction. 

Wang et al. had integrated advanced energy dispersive X-ray spec-
troscopy (EDS) tomography, cryogenic scanning transmission electron 
microscopy (cryo-STEM) and chemo-mechanical modeling to study the 

Fig. 4. (a) Schematic illustrations of in situ TEM electrochemical experiments. Liquid cell (upper panel): Si nanowires, room temperature ionic liquid electrolyte and 
LiCoO2 were used as anode, electrolyte and cathode, respectively. Solid cell (bottom panel): Si nanoparticles, thin Li2O layer and Li metal were used as working 
electrode, solid-state electrolyte and counter electrode, respectively [60]. (b) Anisotropic swelling of bent Si nanowire before (left panel) and after (right panel) 
lithiation [60]. (c) Core-shell lithiation manner of Si nanowire along with [112] direction [60]. (d) A process of axial compression shown by sequential TEM images 
(scale bar, 1 mm); a sharply kinked region indicated by the red box and zoom-in TEM image [61]. (e) Ex situ TEM images of 5-nm sized Si particles (left upper panel, 
red lines indicate n-Si crystallites), 10-nm sized particles (right upper panel and left bottom panel, red lines indicate n-Si particles), and selected area diffraction 
pattern of 10-nm sized particles after 40 cycles (right bottom panel, arrows indicate crystalline regions). All electrodes were dissembled after fully charging to 1.5 V 
(after lithium removal) [64]. (a-c) Reproduced with permission from ref. [60]. Copyright Royal Society of Chemistry, 2011. (d) Reproduced with permission from ref. 
[61]. Copyright Nature Publishing Group, 2015. (e) Reproduced with permission from ref. [64]. Copyright WILEY-VCH, 2010. 
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progressive growth of SEI in Si nanowires-based battery [74]. They 
constructed a coin-cell composed of a Si nanowires electrode and a 
Li-metal electrode, where Li metal provided an excessive Li+ source to 
eliminate the factor of low-content Li+ [74]. A bare Si electrode was 
prepared by growing nanowires on stainless steel to ensure good me-
chanical contact and avoid the influence of additional binder and 
conductive materials [74]. The morphology evolution of Si nanowires at 
different cycles has been characterized (Fig. 5(a)) [74]. The diameter of 
Si nanowires ranged from 60 to 90 nm, and the nano-structure could 
maintain a conformal morphology during cycling [60]. However, the 
continuous volume variation during the lithiation/delithiation process 

still makes Si nanowires rough and porous, further resulting in a 
degenerated and unstable SEI layer on the Si surface [74]. As shown in 
Fig. 5(a), SEI on the Si surface undergoes crumpling, regenerating and 
accumulative growing, and finally become more thicker [74]. It signif-
icantly decreases the Coulombic efficiency and capacity of Si-based 
battery [28,75,76]. In addition, the chemical compositions of SEI on 
Si anode include LixSiOy, Li2O, LiF, Li2CO3, etc., which are revealed by 
X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrom-
etry, Auger electron spectroscopy, and X-ray neutron reflectometry 
[75–83]. In liquid-based system, some researches focus on adding 
electrolyte additives into liquid electrolytes to prolong the cycle life of 

Fig. 5. (a) Cryo-STEM-HAADF images and EDS elemental composition mapping of Si nanowires at different cycles [74]. (b) Schematic illustration of Si||LLZTO||Li 
half-cell and the spectra of in situ electrochemical XPS measurements [87]. (c) Li 1 s, Si 2p, and O 1 s spectra of the Si electrode at different states: pristine state, after 
the first lithiation, and after the first delithiation process [87]. (d) TEM images, HADDF-STEM images, and the corresponding elemental distributions of 
Si@SiO2@LPO@C composite anode after 200 cycles from the liquid battery and the ASSB, respectively [88]. (e) S 2p (upper) and Cl 2p (bottom) XPS spectra of Si 
composite anodes at the pristine state (left panel) and after the first cycle (right panel) [16]. (a) Reproduced with permission from ref. [74]. Copyright Nature 
Publishing Group, 2021. (b, c) Reproduced with permission from ref. [87]. Copyright American Chemical Society, 2020. (d) Reproduced with permission from ref. 
[88]. Copyright Elsevier, 2022. (e) Reproduced with permission from ref. [16]. Copyright WILEY-VCH, 2022. 
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Si-based anodes, such as adding fluoroethylene carbonate (FEC), 
vinylene carbonate (VC), etc. [75,84,85]. Notably, the surface chemistry 
of Si anode also plays an important role in determining electrochemical 
performance, especially when interacting with electrolytes, binders and 
conductive agents [86]. 

Different from liquid electrolytes, the new interfaces between ASSEs 
and Si anodes are more stable and compatible, which should be dis-
cussed separately for different types of ASSEs [16,22,87,88]. As shown 
in Fig. 5(b-c), Masuda et al. applied in situ XPS experiments to charac-
terize the SEI formation process at the interface between Si electrode 
and Li6.6La3Zr1.6Ta0.4O12 (LLZTO) electrolyte during the first cycle with 
Li metal as counter electrode [87]. The Li 1 s peaks in the XPS spectra 
demonstrate several lithiation product composed of Li2O, Li2CO3, 
Li4SiO4, and LixSi [89,90]. The Si 2p and O 1 s spectra also demonstrate 
the same lithiation products. Notably, the existences of Li2O and Li2CO3 
suggest that a trace amount of oxygen species and carbon dioxide are 
probably from XPS chamber or reaction product from LLZTO with 
lithium-silicide surface. Then, they assembled a Si||LLZTO||Li half-cell 
for the galvanostatic charge/discharge test. The Coulombic efficiency 
of the half-cell is up to 94% at the first cycle and maintains almost 100% 
after the second cycle. In general, the few interfacial products and high 
Coulombic efficiencies of half-cells demonstrate a suppressed side re-
action at the interface between Si anode and LLZTO electrolyte [87]. 
Han et al. proposed a Si@SiO2@LPO@C composite anode, and applied it 
to liquid electrolyte and PEO/LATP ASSE, respectively [88]. TEM im-
ages in Fig. 5(d) show different structures of the cycled Si composite 
particles and SEI layers from the disassembled liquid-battery (upper 
panel) and ASSB (bottom panel) after 200 cycles, respectively [88]. 
Obviously, the cycled Si composite particles become porous and 
flake-like in the liquid battery, which results in the continuous genera-
tion of SEI and eventually forms a thick layer, mainly consisting of 
Li2CO3 and organic species [88]. Notably, a conformal particle and a 
uniform SEI layer are observed from the ASSB, and the lithium salt of 
LiTFSI in ASSE can contribute to forming an SEI layer with enriched LiF 
nanocrystals, which is mechanically robust and highly ionic conductive 
[88]. For the PEO-LiTFSI solid electrolyte, LiTFSI are reduced prefer-
entially than PEO [91], thus the generation of LiF from the decompo-
sition of LiTFSI is thermodynamically favorable [92,93]. Furthermore, 
the interfacial chemistry between Si anode and sulfide-type ASSE was 
investigated as well [16]. Fig. 5(e) displays the S 2p and Cl 2p XPS 
spectra of the Si@Li6PS5Cl (Si@ASSE) composite anodes disassembled 
from Si@ASSE||Li6PS5Cl||In-Li half-cells at the pristine state (left panel) 
and the state after the first cycle (right panel), respectively [16]. The 
peaks corresponding to the PS4

3− unit and Cl− ions of argyrodite-type 
Li6PS5Cl are stable no matter before or after the first cycle, suggesting 
the good chemical interfacial stability between Si and Li6PS5Cl ASSE. 
And the Li2S product is observed in XPS S 2p spectrum, which is 
generated from a slight decomposition of the ASSE [16]. Furthermore, 
Huang et al. demonstrated that the initial Coulombic efficiencies (ICE) 
of Si-based ASSBs with various ASSEs were mostly higher than that of 
liquid batteries, further indicating the sluggish side reactions at the in-
terfaces between Si anodes and ASSEs [12]. 

Although the side reaction is reduced at the interface between Si 
anode/ASSE when compared with Li anode/ASSE and Si anode/liquid 
electrolyte, the relevant studies for various ASSEs are still not sufficient 
and deep enough. Hence, more advanced characterization techniques 
are needed to further figure out the interfacial chemistry between Si 
anode and ASSEs [19]. 

2.4. Evolution and effect of stress in Si-based ASSBs 

The volume expansion of Si anode during the lithiation process also 
causes the chemo-mechanical effect on stress evolution, structure frac-
ture and delamination in Si-based batteries, which is critically respon-
sible for the capacity decay of batteries [94–98]. This section clarifies 
the relevance between stack pressure evolution, chemo-mechanical 

degradation, and structural transformation, as well as the relationship 
between stack pressure and electrochemical behavior in Si-based ASSBs 
[26,41,99-102]. As shown in Fig. 6(a), a custom-made Si-ASSE|| 
Li6PS5Cl||NCM solid-state cell with an integrated force sensor is 
designed to in situ characterize the stress evolution by McDowell et al. 
[100]. Fig. 6(b) presents the galvanostatic cycling of Si-based ASSBs 
with the measured uniaxial stress variations (left panel), as well as the 
corresponding differential capacity (dQ/dV) curves (right panel) [100]. 
The stress plots indicate that stress is increasing gradually during the 
lithiation process and reversely decreasing during the delithiation pro-
cess [100]. Notably, the fully lithiated cell after the first lithiation pro-
cess exhibits the highest stress, which is attributed to the huger volume 
expansion of c-Si than a-Si [100]. And the corresponding dQ/dV curves 
prove the same result, where the voltage of the first cycle is significantly 
different from that of the subsequent cycles [100]. A relatively large 
stress hysteresis is observed during the first cycle, and then decreased on 
subsequent cycles, which is originated from that the Si anode undergoes 
extensive bond breaking and structural transformation during the first 
lithiation process (Fig. 6(c)) [100]. The derivative of the stress with time 
is further investigated (Fig. 6(d)) [100]. The lower slope of the stress 
curve at the initial stage of charge is resulted by the particle rear-
rangement within the electrode and/or the expansion of active material 
into available space [100]. In contrast, the high slope of the stress curve 
near the end of charge is resulted by the fact that the accommodating 
space has already been used up and the electrode architecture featured 
the highest resistance to expansion [100]. In addition, the 
microparticle-electrode possesses higher stress variations than the 
nanoparticle-electrode, indicating the importance of size effect, which is 
agreed with the results of Fig. 4(e) [64]. 

The effect of internally-generated stress and externally-applied stress 
of Si-based ASSBs were investigated as well [41,101]. Lee et al. reported 
that externally-applied compressive stress had affected on the electro-
chemical performance of Si anodes [101]. Under the condition of free 
volume expansion (none or little compressive stress), Si particle is 
allowed to expand unrestricted and no energy is expended for the 
expansion (Fig. 6(e), upper panel) [101]. When the Si nanoparticle is 
under the condition of mechanical confinement (a large external pres-
sure), energy is expended to counteract the volumetric strains generated 
by the expansion of Si, which is reflected on the overpotential of bat-
teries (Fig. 6(e), bottom panel) [101]. As shown in Fig. 6(f), Si-based 
ASSB under a little compressive press of 3 MPa has a small polariza-
tion and could achieve full lithiation, whereas higher compressive press 
causes higher overpotential and lower capacity of batteries [101]. 
However, the capacity decreased rapidly under the condition of free 
volume expansion due to the decay of conductive environment during 
cycling in ASSBs (Fig. 6(g)) [101]. On the contrary, Si anode delivers a 
longer and more stable cycle performance under high compressive press, 
which indicates that the ASSE could inhibit the volume expansion of Si 
anode (Fig. 6(g)) [101]. Carter et al. also confirmed that 
constraint-induced stresses in ASSBs caused a voltage shift, further 
leading to a decreased capacity [41]. Thus, it is universally acceptable to 
sacrifice part of the capacity to maintain a long and stable cycle 
performance. 

In summary, the volume expansion of Si anode causes the mechan-
ical pulverization and cracks generation of active materials, further 
leading to dynamic SEI reconstruction and the decay of conductive 
environment. The issues above vastly decrease the electrochemical 
performance of Si-based liquid batteries, finally leading batteries failure 
during early cycling. However, the failure mechanisms of Si-based 
ASSBs are still not systematic and thorough for the existence of 
various electrolytes and lack of relevant studies. Hence, we will clarify 
the failure mechanism of Si-based ASSBs based on the above studies. 

Notably, a new interfacial interaction is generated between Si anode 
and ASSE in Si-based ASSB, among which the chemical inertness inter-
face and ‘solid-solid’ contact mode would generate new failure mecha-
nism. Due to the reduced interfacial side reaction, the effect of “dynamic 
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Fig. 6. (a) Schematic of cell stacked by Si-LPSC||LPSC||NCM with a force sensor [100]. (b) Galvanostatic charge/discharge profiles combined with pressure 
measurement (left panel) and the corresponding differential capacity curves (right panel) [100]. (c) Stress variation curves during cycling [100]. (d) Differential 
analysis of stress curves [100]. (e) Schematic illustrating of conditions of free volume expansion and volumetric confinement [101]. (f) Voltage profiles of the 1st 
cycle of Si anode under the compressive pressures of 3, 150 and 230 MPa, respectively [101]. (g) Cycle performance of Si anode under the compressive pressures of 3, 
150 and 230 MPa, respectively [101]. (a-d) Reproduced with permission from ref. [100]. Copyright Elsevier, 2021. (e-g) Reproduced with permission from ref. [101]. 
Copyright The Electrochemical Society, 2012. 

Fig. 7. The historical development of ASSEs in Si-based ASSBs [16,20,22,105-108]. Reproduced with permission from ref. [105]. Copyright Elsevier, 1999. 
Reproduced with permission from ref. [106]. Copyright WILEY-VCH, 2007. Reproduced with permission from ref. [107]. Copyright Elsevier, 2011. Reproduced with 
permission from ref. [108]. Copyright American Chemical Society, 2018. Reproduced with permission from ref. [22]. Copyright The American Association for the 
Advancement of Science, 2021. Reproduced with permission from ref. [16]. Copyright WILEY-VCH, 2022. Reproduced with permission from ref. [20]. Copyright 
Nature Publishing Group, 2023. 
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SEI reconstruction” could be weakened. Furthermore, ASSEs possess 
superior mechanical properties, which could mitigate the issues brought 
by volume expansion of Si anode [21,103]. However, the conductive 
environment of electrons and ions should be highly-regarded for huge 
volume expansion and ‘solid-solid’ contact at interface. And there exist 
many strategies to construct an intact interface between Si anode and 
ASSE, which are introduced in the following chapter. 

In general, ASSEs provide a more stable environment for Si anode 
than liquid electrolyte, whereas the contact problem between Si anode 
and ASSE should be noticed. Therefore, the failure mechanisms of Si- 
based ASSBs should be further investigated and the in situ or operando 
technologies are also needed to further develop, which could provide 
guidance for optimization strategy of Si-based ASSBs. 

3. Development of ASSEs in Si-based ASSBs 

ASSBs have been regarded as the promising conversion and storage 
devices for their high energy density and reliable safety [9]. The 
development tendency of Si-based LIBs is from liquid batteries to ASSBs, 
due to the integrated merits of Si anode and ASSEs [21,104]. Fig. 7 
displays the historical development of ASSEs in Si-based ASSBs. In 1999, 
Neudecker et al. firstly employed silicon tin oxynitride (SiTON) anode 
and lithium phosphorus oxynitride (LiPON) electrolyte into a thin-film 
battery, which maintained a high capacity [105]. And in 2007, Notten 
et al. proposed a 3D integrated structured ASSBs with Si thin-film anode 
and LiPON ASSE for the first time, which presented a high energy 
density of about 5 mWh μm− 1 cm− 2, higher than that of planar 
solid-state thin-film batteries [29,106]. In order to improve the rate 
performance of batteries at room temperature, sulfide-type ASSEs are 
considered as one of the most appropriate candidates due to their high 
ionic conductivity, while LiPON only possesses a lower ionic conduc-
tivity of less than 10− 5 S cm− 1 at room temperature [10]. In 2011, Lee’s 
group constructed a Si-based ASSB with sulfide-type ASSE of 
77.5Li2S-22.5P2S5, and a 3D nano-Si rods anode to accommodate the 
volume expansion, which delivered stable capacity with minimal decay 
for over 20 cycles [107]. Garnet-type LLZTO ASSEs with high ionic 
conductivity are also employed in Si-based ASSBs. The Li||LLZTO||Si 
cell based on a 180-nm Si layer exhibited an excellent cycling perfor-
mance with a capacity retention over 85% after 100 cycles [108]. 
However, the thin-film electrodes or the LiPON thin-film ASSE are 
generally synthesized by the physicochemical-deposition method, 
which are complicated and hard for large-scale manufacture. Thus, 
simple electrode preparation technologies have been gradually devel-
oped to improve production efficiency and decrease production cost. 

Nowadays, the Si electrodes are almost sheet-type prepared by wet 
process or dry process, which could achieve high mass loading and 
deliver high energy density [109]. Based on this, Meng et al. developed a 
carbon-free Si sheet anode to avoid the decomposition of sulfide-type 
ASSE [22]. The μm-Si||Li6PS5Cl||LiNi0.8Co0.1Mn0.1O2 (μ-Si||LiPSCl|| 
NCM811) full-cell could deliver a capacity retention of 80% after 500 
cycles at 5 mA cm− 2, demonstrating the overall robustness of μ-Si 
enabled by ASSBs [22]. Zhu et al. mixed the Si particles and sulfide-type 
ASSE to improve the ionic conductivity of Si composite anode, and the 
assembled full battery based on sulfide-type ASSE delivered a high ca-
pacity of 145 mAh g− 1 at C/3 and maintained stably for 1000 cycles, and 
achieved a cell-level energy density of 285 Wh kg− 1 [16]. Recently, 
Wu’s group fabricated a hard-carbon-stabilized Li-Si (lithiated Si-HC) 
anode to improve the electrode kinetics and mechanical stability, and 
the lithiated Si-HC||Li6PS5Cl|| LiNi0.8Co0.1Mn0.1O2 full-cell delivered an 
ultrahigh capacity retention of 61.5% even after 5000 cycles [20]. The 
full batteries are easily fabricated and integrated, endowing them a 
potential for large-scale commercial application [110]. 

Herein, current reported systems of Si-based ASSBs with various 
ASSEs and Si-based anodes are summarized exhaustively in Table 1. It 
can be discovered that these researches have been pursuing higher en-
ergy density, lower cost and larger-scale battery systems by developing 

modified strategies. And these strategies generally focus on three as-
pects, i.e., improving the ionic conductivity of ASSEs (from LiPON-type 
to sulfide-type ASSEs), increasing the mass loading of Si-based anodes 
(from thin-film electrode to thick composite electrode), and simplifying 
the processability of Si-based anodes (from high-cost Si thin-film anode 
produced by physicochemical deposition to low-cost Si particles an-
odes). In addition, the thin-film batteries are also applied to MEMS, and 
large-scale batteries (e.g., pouch batteries, cylindrical batteries) are 
applied to high-energy and high-power systems, such as EVs, which face 
greater challenges at present. Hence, the future goal of Si-based ASSBs 
performance is to achieve higher energy density, higher power density, 
higher safety and longer life span. 

Notably, ASSEs in Si-based batteries are also required towards high 
overall performance, which are described as follows. For instance, the 
thickness should be less than 20 μm; the electrochemical stability win-
dow should be higher than 5 V to be compatible with high voltage 
cathode; the ionic conductivity should be higher than 10− 4 S cm− 1 at 
room temperature; along with high ion selectivity (transference number 
of Li-ion), high chemical stability, thermal stability, robust mechanical 
property, low processing cost, effortless device integration, and low 
electronic area-specific resistance (Fig. 8) [9]. Unfortunately, it is 
difficult to find an ideal ASSE that could meet all of the performance 
requirements mentioned above, and even maintain these characteristics 
during long cycling. Up to now, LiPON-type, sulfide-type, oxide-type, 
and polymer-type ASSEs are verified to be compatible well with 
Si-based anodes. The following section will mainly discuss the devel-
opment of the four types of ASSEs in Si-based ASSBs. 

3.1. LiPON-type ASSEs 

In 1990s, Oak Ridge National Laboratory had led the development of 
solid-state thin-film batteries [146–148]. Despite the low ionic con-
ductivity of 2~3 μS cm− 1 and high activation energy (Ea) of ~0.55 eV at 
room temperature, LiPON-type ASSEs are still endowed with good ionic 
conduction for their ultrathin properties (<1 μm), which could shorten 
the ion transport range. In addition, the high electronic resistivity 
(>1014 Ω cm) and wide electrochemical stability window (>5 V) of 
LiPON guarantee long-term durability in terms of the cycling perfor-
mance of batteries [149–154]. Generally, glassy SSEs are advantageous 
with respect to crystalline SSEs due to the absence of grain boundaries, 
which lead to the electrostatic and structural inhomogeneities, as well as 
charge transfer impedance [155,156]. Beyond the RF magnetron sput-
tering, the preparation of LiPON film could be conducted on ion beam 
sputtering (IBS), metal-organic chemical vapor deposition (MOCVD), 
plasma-assisted directed vapor deposition, pulsed laser deposition 
(PLD), electronic beam evaporation and so on, of which the LiPON 
composition might vary with both the sputter power and the partial 
nitrogen pressure in the system [154,157-161]. In fact, LiPON-type 
ASSEs are mostly fabricated by physical and chemical vapor deposi-
tion technologies, which could obtain a thin and flat film, favorable 
interfacial contact as well. There also exist some drawbacks, including 
the high cost of devices, the difficulty of facilities maintenance, low 
production efficiency, etc. 

The structure of thin-film battery is shown in Fig. 9(a), where the Si 
anode and cathode were both prepared by physical and chemical vapor 
deposition, and the small-scale manufacturing methods are appropriate 
for the micro-batteries fabrication [44]. Amorphous thin-films of LiPON 
are commonly prepared via sputtering Li3PO4 in nitrogen atmosphere, 
resulting in a wide stoichiometric range of LixPOyNz (2.6 ≤ x ≤ 3.5, 1.9 
≤ y ≤ 3.8, 0.1 ≤ z ≤ 1.3) [149,154]. And the nitrogen (N) doping im-
proves the stability and ionic conductivity of materials, where the ionic 
conductivity increases from 7 × 10− 8 S cm− 1 (0 at% N) to 3.3 × 10− 6 S 
cm− 1 (6 at% N) at 25 ◦C [146,152,162]. 

Lacivita et al. adopted ab initio molecular dynamics (AIMD) simu-
lation to generate the structure model of amorphous LiPON, demon-
strating that the excess Li accompanying 1(N): 1(O) substitutions would 
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Table 1 
Electrochemical performances of Si-based anodes in various ASSEs.  

Si-based anode All-solid-state electrolyte Counter electrode/ 
Voltage range 

Current density/ 
Temperature 

Cycling performance 
/Capacity retention 

Initial CE Refs. 
Type Preparation method/Thickness Type Process/Thickness Ionic conductivity 

/Temperature 

Amorphous Si 
film 

Sputtering on copper foil 150 
nm 

LiPON RF magnetron 
sputtering 1 μm 

2.2 × 10− 6 S cm− 1 LiMn1.5Ni0.5O4 3.0–4.55 
V 

0.01 mA 25 ◦C 1st: 47 μAh cm− 2 / [111] 

Amorphous Si 
film 

Sputtering 0.06 μm LiPON Sputtering 1.5 μm / VO-LiPO 0.5–3 V 0.3 μA 1st: 15.7 μAh cm− 2 / [112] 

Amorphous Si 
film 

RF sputtering 50–200 nm LiPON Sputtering 1.4 μm 2 × 10− 6 S cm− 1 

20 ◦C 
Li1.2TiO0.5S2.1 1.5–3.2 V 130 μA cm− 2 25 ◦C capacity loss: − 0.01% 

cycle− 1 (200 cycles) 
/ [44] 

Li 0.05–1 V 100 μA cm− 2 25 ◦C capacity loss: − 0.003% 
cycle− 1 (250 cycles) 

/ 

Si0.7V0.3 RF sputter deposition 15 nm LiSiPON 1.2 μm RF sputter deposition 8.8 × 10− 6 S cm− 1 

RT 
LiCoO2 2~3.9 V 1500th: ~50 μAh cm− 2 / [113] 

Si wafer Physical vapor deposition 
(PVD) 500 μm 

LiPONB Cold pressing and 
sintering 

/ Li 0.05–1 V 100 μAh cm− 2 (2 C) RT 1st: 40 μAh cm− 2 (571 μAh 
cm− 2) 

/ [29] 

Nano Si 
@Li6PS5Cl 

Ball milling & slurry casting 50 
μm 

Li6PS5Cl Ball milling & heat 
treatment 47 μm 

/ In-Li − 0.6–0.9 V 0.1 mA cm− 2 1st: 2412 mAh g− 1 89.3% [110] 

Nano Si@LPSCl Ball milling Li5.4PS4.4Cl1.6 Ball milling & 
annealing 

~8 × 10− 3 S cm− 1 

RT 
In-Li 0.2–0.5 mA cm− 2 RT 1st: 2412 mAh g− 1 50th: 

1136 mAh g− 1 
86.4% [114] 

LixSi Cold-pressing 67.4 μm Li6PS5Cl Cold-pressing 475 μm / Li-In 0.02 C 60 ◦C 1st: 1560 mAh g− 1 / [115] 
Columnar-Si Physical vapor deposition Li6PS5Cl 0.15 wt% PTFE ~750 

µm 
3 mS cm− 1 Li 0.01–1 V 0.05 mAcm− 2 1st: 2912 mAh g− 1 84% [116] 

Si37@C Slurry-method Li6PS5Cl Cold-pressing ~ 750 
μm 

3 mS cm− 1 Li 0.01–2 V 0.07 mA cm− 2 1st: > 2570 mAh g− 1 72.7% [117] 

10 wt%Si- 
Graphite 

Slurry-method Li6PS5Cl / / Li 0.2 C 60 ◦C 1st: 2.20 mAh cm− 2 / [23] 

Si/graphite Roll-pressing Li6PS5Cl Cold-pressing ~3.0 × 10− 3 S cm− 1 Li 0.01–2 V 0.1 C 60 ◦C 1st: 5.83 mAh cm− 2 / [118] 
Si/CNTs/C/ 

Li6PS5Cl 
Slurry casting Li6PS5Cl Cold-pressing 2.13 × 10− 3 S cm− 1 Li 0.01–3 V 50 mA g− 1 50th: 1226 mAh g− 1 59.7% [119] 

200 mA g− 1 200th: 395 mAh g− 1 / 
Si/CNF@LPSCl Electro-spinning & solution 

coating 22 μm 
Li6PS5Cl High-energy milling & 

heat treatment 
/ In-Li − 0.615–0.88 V 0.1 C 25 ◦C 1st: 1218 mAh g− 1 / [120] 

0.5 C 50th: 84.3% 
99.9 wt% μ-Si Slurry method 27 μm Li6PS5Cl 30 μm > 1 mS cm− 1 RT NCM811@B 5 mA cm− 2 (1 C) RT 1st: 2 mAh cm− 2 500th: 80% Average: >

99.9% 
[22] 

μ-Si/ graphite/ 
LPSI 

Ball milling LiI-Li3PS4 

(LPSI) 
Cold-pressing 1.2 mS cm− 1 25 ◦C In-Li − 0.61–1.0 V C/20 RT 1st: > 1200 mAh g− 1 / [121] 

Nano Si@ 
Li7P3S11 

Wet chemical Li6PS5Cl Solid-state sintering <
50 μm 

≈ 2 mS cm− 1 In-Li 2.0–3.8 V 0.5 mA cm− 2 RT 1st: 2067 mAh g− 1 200th: 
1345 mAh g− 1 

/ [16] 

Si particle Spray deposition 80Li2S⋅20P2S5 Mechanical milling 3 × 10− 4 S cm− 1 RT Li-In 0.06 mA cm− 2 1st: 2819 mAh g− 1 6th: 2776 
mAh g− 1 

/ [122] 

Porous 
amorphous Si 
film 

Magnetron sputtering 1.55 μm 80Li2S-20P2S5 Cold-pressing ~ 1 mm / Li-In 0.01–2 V 10 mA cm− 2 1st: > 3000 mAh g− 1 / [123] 

Nano Si@ 
77.5Li2S- 
22.5P2S5 

Slurry-coating 77.5Li2S- 
22.5P2S5 

Cold-pressing 1.27 × 10− 3 S cm− 1 Li 0.005–1.5 V 210 mA g− 1 RT 1st: 1367 mAh g− 1 / [124] 

Nano Si-PAN Slurry-coating 77.5Li2S- 
22.5P2S5 

Cold-pressing / Li-In 0.005–0.2 V C/10 60 ◦C 1st: 1606 mAh g− 1 ~84% [125] 

Si nano rod 
arrays 

spin coating & photo 
lithography & deep reactive ion 
etching 800 nm 

77.5Li2S- 
22.5P2S5 

Ball milling / Li C/2 RT 25th: 3500 mAh g− 1 / [107] 

Si/C fiber Cold-pressing 77.5Li2S- 
22.5P2S5 

Cold-pressing 10− 3 S cm− 1 RT Li-In 0.005–1.5 V 0.1 C 60 ◦C 50th: > 1000 mAh g− 1 70th: 
~700 mAh g− 1 

99.2% [126] 

Si-C-SE pyrolysis of coal-tar-pitch 77.5Li2S- 
22.5P2S5 

ball milling / Li-In 0.005–1.5 V 1st: C/20, 2–49th: C/10, 
50–100th: C/5 RT 

1st: 1858.7 mAh g− 1 100th: 
1089.2 mAh g− 1 

83% [127] 

(continued on next page) 
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Table 1 (continued ) 

Si-based anode All-solid-state electrolyte Counter electrode/ 
Voltage range 

Current density/ 
Temperature 

Cycling performance 
/Capacity retention 

Initial CE Refs. 
Type Preparation method/Thickness Type Process/Thickness Ionic conductivity 

/Temperature 

Nano-porous 
Si@LPS 

Hand-milled 75Li2S-25P2S5 Cold pressed / Li-In − 0.58–0.88 V 0.127 mA cm− 2 30 ◦C 1st: 2300 mAh g− 1 71% [128] 

Nano-porous 
Si@Li3PS4 

Cold-pressing 75Li2S-25P2S5 Cold-pressing / Li-In − 0.58–0.88 V 0.127 mA cm− 2 30 ◦C 1st: 1394 mAh g− 1 59% [129] 
0.3 mA cm− 2 30 ◦C 1st: 1674 mAh g− 1 50th: 

1494 mAh g− 1 
/ 

Nano-porous Si Cold-pressing 75Li2S-25P2S5 Cold-pressing / Li-In − 0.58–0.88 V 0.127 mA cm− 2 30 ◦C 1st: 1715 mAh g− 1 57% [130] 
u-Si@ LPS Slurry coating 75Li2S-25P2S5 Milling ~ 50 μm 5 × 10− 4 S cm− 1 Li-In − 0.62–0.88 V 0.3 mA cm− 2 30 ◦C 1st: 3000 mAh g− 1 375th: >

1700 mAh g− 1 
90% [131] 

Si@ Li6PS5Cl Slurry coating 75Li2S-25P2S5 Cold-pressing 1.4 × 10− 3 S cm− 1 

30 ◦C 
Li-In 0.005–1.5 V 0.05 C 30 ◦C 1st: 3246 mAh g− 1 / [132] 

Li-Si Cold-pressing 25 μm 75Li2S-25P2S5 Cold-pressing 350 μm 5.11 × 10− 4 S cm− 1 Sulfur@SSE 0.5–3.7 V 200 μA 1st: 1510 mAh g− 1 / [133] 
μ-Si@LPS Slurry method 75Li2S-25P2S5 Mechanical milling 

~75 μm 
5 × 10− 4 S cm− 1 RT Li-In 0.3 mAh cm− 2 

− 0.58–0.88 V 
1st: 3412 mAh g− 1 140th: 
2184 mAh g− 1 (64%) 

/ [134] 

Li4.4Si Ball milling 70Li2S-30P2S5 Cold-pressing ~3 × 10− 5 S cm− 1 Li4Ti5O12 1–2.5 V 50 μA ~80 mAh g− 1 / [135] 
100 μA ~50 mAh g− 1 

Amorphous Si Magnetron sputtering, 300 nm 70Li2S-30P2S5 Cold-pressing 1.5 × 10− 3 S cm− 1 In-Li 0.01–1.2 V 0.1 mA cm− 2 1st: > 3000 mAh g− 1 / [136] 
Li2SiS3- 10 wt% 

FeS film 
Pulsed laser deposition (PLD) 1 
μm 

70Li2S-30P2S5 Cold-pressing / In-Li − 0.615–2 V 0.01 C RT 1st: 1300 mAh g− 1 ~ 100% [137] 

Si@Li7P3S11 Liquid phase reaction 70Li2S-30P2S5 Cold-pressing 10− 3 S cm− 1 Li 50 mA g− 1 RT 1st: 1049.9 mAh g− 1 35th: 
904.8 mAh g− 1 (86.2%) 

/ [138] 

Si3N4 Pulsed laser deposition (PLD) 
200 nm 

70Li2S-30P2S5 / / Li-In 0.1 C (charge) 1st: 1800 mAh g− 1 > 80% [139] 
0.2 C (discharge) 100th: 1300 mAh g− 1 

Li4.4GexSi1-x High-energy ball-milling 60Li2S-40SiS2 Cold-pressing 1.8 × 10− 4 S cm− 1 

RT 
LiCo0.3Ni0.7O2@SSE 
2.3–4.1 V 

64 μA cm− 2 190 mAh g− 1 / [140] 

Si film Radio frequency sputtering 50 
nm 

LLZTO Uniaxial compression 
& sintering ~ 550 μm 

0.3 mS cm− 1 25 ◦C Li 0.05–1.5 V 170 mA g− 1 80 ◦C 1st: 2702 mAh g− 1 100th: 
1200 mAh g− 1 

54% [141] 
3 mS cm− 1 80 ◦C 

thin Si layer Direct current magnetron 
Sputtering 180 nm 

LLZTO 1 mm / Li 8 μA cm− 2 RT 1st: 3492 mA h g− 1 100th: 
2968 mAh g− 1 (85%) 

/ [108] 

Si layer Plasma-enhanced chemical 
vapor deposition 1 um 

LLZAO Solid-state sintering 4  × 10− 4 S cm− 1 

RT 
Li-Sn 0.66 mAh cm− 2 

0.001–1.5 V 
1st: 2685 mA h g− 1 83.2% [142] 

Nano Si@ micro- 
MOF 

Hydrothermal PVDF/ PEO/ 
LLZTO 

Solution casting 60 μm 8.1 × 10− 5 S cm− 1 

25 ◦C 
Li 0.01–1.5 V 200 mA g− 1 60 ◦C 1st: 1416 mAh g− 1 72% [143] 

Si@ SiO2@ 
LPO@ C 

Slurry-coating PEO/ LATP ~ 50 μm 2.86 × 10− 5 S cm− 1 

50 ◦C 
Li 0.2 A g− 1 50 ◦C 1st: 2482.1 mAh g− 1 88.7% [88] 

0.5 A g− 1 50 ◦C 1st: 2279.3 mAh g− 1 200th: 
1001.9 mAh g− 1 

/ 

Si-N-MXene Slurry coating PEO@ LATP ~50 μm 3.4 × 10− 4 S cm− 1 

50 ◦C 
Li 1st-10th: 0.2 A g− 1, 

11th-100th: 0.4 A g− 1 

50 ◦C 

1st: 2305 mAh g− 1 10th: 
1362 mAh g− 1 100th: 881 
mAh g− 1 

/ [144] 

Amorphous Si Cold-pressing 15NaI-LiBH4 Cold-pressing 5 × 10− 6 S cm− 1 RT Li 0.1–1.5 V 2.5 μA cm− 2 RT 1st: 3000 mAh g− 1 / [145] 
12.7 μA cm− 2 RT 1st: 1300 mAh g− 1 

12.7 μA cm− 2 60 ◦C 1st: 3000 mAh g− 1  
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introduce extra carriers and the energetically-favored N-bridging sub-
stitutions could condense phosphate units and densify the structure 
[164]. And Meng et al. combined solid-state nuclear magnetic resonance 
(NMR) spectroscopy and AIMD simulation approach to study the 
structure of LiPON and mechanism of Li+ transport in LiPON (Fig. 9 
(b-c)) [163]. As shown in Fig. 9(b), the 31P chemical shift for 
crystallized-LPO (c-LPO) exhibits a sharp peak at 9.6 ppm, corre-
sponding to the orthophosphate tetrahedra structure with four 
non-bridging oxygens, Q0 [163]. After amorphization, the 
amorphous-LPO (a-LPO) showed a broadening Q0 peak, indicating the 
structural disorder [163]. The shoulder peak appearing at ≈ 0 ppm is 
attributed to dimeric P2O7 units, Q1. And the chemical shift for Q1 is 
slightly higher than that observed in a pyrophosphate crystal, indicating 
a result of a redistribution of the electron density with higher cation 
concentration [163]. The MAS 31P spectrum of a LiPON film is similar to 
the a-LPO spectra with the predominant intensity at 9.1 ppm and a small 
tail around 3 ppm, comfortably assigned to Q0

0 and Q1
0 phosphate species, 

respectively [163]. There are additional shoulders of higher chemical 
shift that are presumed to be phosphorus (P) bonded to N, assigned to Q0

1 
and Q1

1 phosphate species (Fig. 9(b)) [163]. Furthermore, they employ 
AIMD to generate an amorphous structure with a stoichiometry of 
Li2.9PO3.5N0.31, and the relationship between bonding environment and 
electron shielding in the structure is calculated by the gage including 

projector augmented wave (GIPAW) [163]. The result shows that 
incorporation of N resulted in an increased δiso(chemical shift of isolated 
PO4

3− tetrahedra), whereas the lowest δisois associated with bridging 
oxygen, consistent with results from the structural database (Fig. 9(c)) 
[163]. These results demonstrated the glassy structure as primarily 
isolated phosphate monomers with N incorporated in both apical and as 
bridging sites in phosphate dimers [163]. In addition, Meng et al. also 
investigated the SEI between Li metal and LiPON by cryo-EM and XPS 
depth profiling, identifying the SEI compositions to be Li2O, Li3N and 
Li3PO4 with a unique multilayer-mosaic distribution [165]. 

Limited by the high activity of Li metal, currently successful com-
mercial Li-based thin-film batteries are manufactured in vacuum or inert 
gas-protecting atmosphere, which raise high-cost and safety issues. 
Hence, owing to the advantages of Si anode, LiPON-type ASSEs are also 
employed in Si-based ASSBs [105,106,140]. In order to increase the 
energy density and power density of micro-batteries, researches focus on 
the strategies including boron (B) or Si doping of LiPON, matching with 
high-voltage cathode, and 3D structure designing or intergradation of 
batteries [29,30,106,111-113,166]. The finite B addition could enhance 
the chemical and thermal stability of LiPON electrolyte. Pecquenard 
et al. used physical vapor deposition (PVD) techniques to prepare 
all-solid-state Li||LiPONB||Si cells, among which the electrochemical 
behavior of the sputtered Si anode is similar to that of Si anode based on 

Fig. 8. Radar plots of the performance properties of different ASSEs [9]. (a) LiPON ASSEs (thin-film). (b) Sulfide ASSEs. (c) Oxide ASSEs. (d) Polymer ASSEs. ASR: 
area-specific resistance. Reproduced with permission from ref. [9]. Copyright Nature Publishing Group, 2017. 
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liquid electrolyte except a very sharp peak observed at 290 mV in the 
voltage profiles (Fig. 9(d)) [29]. Specifically, the sharp peak indicates a 
low irreversible capacity (less than 5% i.e., ≈ 1 μAh cm− 2) during the 
first lithiation process, attributing to the reaction products (containing 
oxidized Si) formed at the interface during the LiPON deposition pro-
cess. Notably, the cell exhibits an excellent cycle performance and 
Coulombic efficiency with almost no loss during 1500 cycles (Fig. 9(e)) 
[29]. Lee’s group sequentially deposited a LiCoO2 cathode, a 
Li1.9Si0.28P1.0O1.1N1.0 electrolyte (LiSiPON) and a Si0.7V0.3 anode to 
build a full cell. The LiSiPON thin-film showed better ionic conductivity 
of 8.8 × 10− 6 S cm− 1 at room temperature, and was electrochemical 
stable above 4.5 V [113]. In order to increase the energy density of 
batteries, Wang et al. constructed a high-voltage LiMn1.5Ni0.5O4|| 
LiPON||Si all-solid-state full battery by sputter-deposition technique, 
which exhibited a high cut-off voltage of 4.55 V [111]. To further in-
crease the energy density of batteries, 3D structure designs of thin-film 
batteries for accommodating high-loading electrode or easy-integration 
were developed [106]. Notten et al. fabricated a novel 3D integrated 
ASSB, among which surface enlargement has been accomplished by 
electrochemical or reactive ion etching (RIE) in a Si substrate, exhibiting 
an ultrahigh capacity of 3500 mAh g− 1 over 60 cycles (Fig. 7, in 2007) 
[106]. Talin et al. fabricated a core-shell Si||LiPON||LiCoO2 nanobattery 
and cycled it inside a TEM chamber, where the thinnest electrolyte (≈
110 nm) endowed the nanobattery with good rate performance and 

maximized areal energy density [30]. And void formation at the elec-
trode/electrolyte interface was observed through TEM techniques, 
indicating the electrical/chemical breakdown. Hence, Si-based ASSBs 
with LiPON-type ASSE should pay attention to eliminate the issues of 
decay of ionic conductive environment at the interface. Meng et al. 
found Li accumulation at the anode/current collector (Si/Cu) and 
cathode/electrolyte (LiCoO2/LiPON) interfaces during cycling, which 
can be accounted for the irreversible capacity loss [167]. And Talin et al. 
also demonstrated the phenomena of Li enrichment/depletion at the 
interface [168]. Besides, a LiPON-SnO2 composite thin-film has been 
confirmed to be used as an artificial SEI layer for Si anode in liquid 
batteries [169]. 

In summary, thin-film Si-based ASSBs had made great success over 
the past decades. However, in order to avoid the dramatic volume 
expansion of Si anode during lithiation and prolong a long-term cycle 
stability, some researches reduce the operating voltage range at low 
current density, which cannot provide high energy density and high 
power to batteries (Table 1). Simultaneously, the further commercial 
application of Si-based ASSB is limited by the complex fabrication pro-
cess and high cost for production. Hence, the thin-film micro-batteries of 
Si-based ASSBs are only appropriate for MEMS, yet are not applied in 
large-scale electronic devices. 

Fig. 9. (a) Schematic of micro-batteries package and focused ion beam (FIB) / scanning electron microscope (SEM) cross section of a thin-film encapsulated lithium- 
ion micro-battery [44]. (b) 31P MAS NMR spectra of thin-film LiPON spinning at 25 kHz [163]. (c) Anisotropy-isotropic chemical shift and anisotropy-asymmetry 
correlation maps of the AIMD model grouped by Qn

m speciation with distinct ranges, where Q0
0, Q0

1, Q1
0, left triangle Q1

1, inverted triangle Q1
1, Q1

2, regular hexagon 
Q2

2, right triangular Q2
2 represent isolated PO4, isolated PO3N, dimer PO4, dimer PO3N(BO, bridging oxygens), dimer PO3N, dimer PO2N2 (BN, bridging nitrogen), 

trimer PO2N2(BN), and trimer PO2N2(BN, BO), respectively [163]. (d) Cyclic voltammetry profiles of Si thin-film anodes during the first lithiation/deliathiation cycle 
in liquid battery (left panel), and the first, second and third cycles in ASSBs (right panel) [29]. (e) Cycling performance of the Si||LiPONB||Li half-cell at room 
temperature. Inset: the corresponding voltage curves [29]. (a) Reproduced with permission from ref. [44]. Copyright WILEY-VCH, 2015. (b, c) Reproduced with 
permission from ref. [163]. Copyright WILEY-VCH, 2020. (d, e) Reproduced with permission from ref. [29]. Copyright WILEY-VCH, 2012. 
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3.2. Sulfide-type ASSEs 

Owing to the ultra-high conductivity (10− 3~10− 2 S cm− 1) at room 
temperature, sulfide-type ASSEs are the most popular electrolyte ma-
terials for the application of ASSBs [170–172]. Simultaneously, 
sulfide-type ASSEs also possess favorable flexibility to plastic deforma-
tion, making them simple to prepare densely packed and achieve intact 
interfacial contact (Young’s modulus = 18.5 GPa, hardness = 1.9 GPa, 
and fracture toughness = 0.23 MPa m1/2) [173,174]. Nonetheless, the 
narrow electrochemical stability window, poor chemical compatibility 
with electrodes, moisture sensitivity and other issues of sulfide ASSEs 
still restrict their widespread application in ASSBs [170]. Hence, many 
studies focus on the interface between electrode and electrolyte [172, 
175,176]. The sulfide-type ASSEs could be synthesized via solid-state 
reaction, ball milling route and wet chemistry, governed by the impor-
tant parameters of synthesis condition [177–179].The synthetic pro-
cesses also make a great influence on the structure of sulfide-type ASSEs, 
further influencing their electrochemical performance by the 
structure-property correlation [180–183]. Sulfide-type ASSEs are clas-
sified into three types according to the compositions: binary, ternary and 
quaternary sulfide systems. In particular, binary sulfide systems include 
Li2S-P2S5 and Li2S-MS2 (M = Ge, Sn, Si); ternary sulfide systems include 
Li2S-P2S5-MS2 (M = Ge, Sn, Si, Al, etc.) and Li2S-P2S5-LiX (X = Cl, Br, I); 
and quaternary sulfide systems include Li2S-P2S5-MS2-LiX (M = Ge, Sn, 
Si, Al, etc.; X = Cl, Br, I) [184]. Moreover, based on crystalline structures, 
those sulfide-type ASSEs are defined as thio-LISICON (derived from a 
LISICON-type γ-Li3PO4 ASSE by replacing oxygen with sulfur), 
tetragonal-type LGPS, and argyrodite Li6PS5X, respectively [24]. With 
the deepening of research, sulfide-type ASSEs are thrivingly developed 
towards polysystems for the increase of ionic conductivities [184]. In 
2016, Kanno et al. reported a Li-ion superionic conductor 
(Li9.54Si1.74P1.44S11.7Cl0.3) with an exceptionally high ionic conductivity 
of 25 mS cm− 1 [185]. In 2019, a single crystal Li-ion conductor 
Li10GeP2S12 was synthesized by the self-flux method, which revealed an 
ultra-high ionic conductivity up to 27 mS cm− 1 at room temperature 
along the [001] direction [186]. The ionic conductivities of the 
state-of-the-art sulfide-type ASSEs are already equivalent to that of 
traditional liquid electrolytes [10]. 

Due to the complexity and diversity of sulfide systems, the structures 
of sulfide-type ASSEs are inconsonant, resulting in different ionic con-
ductivities. For ternary Li3PS4 systems, β-Li3PS4 converted from γ-Li3PS4 
after heating shows markedly increase of ionic conductivity [187]. Liang 
et al. reported a nano-porous β-Li3PS4 with high ionic conductivity of 
1.6 × 10− 4 S cm− 1 at room temperature, which indicated that the high 
surface-to-bulk ratio of nano-porous Li3PS4 can promote surface con-
ductivity [188]. For Li2S-MS2 (M = Ge, Sn, As) ternary systems, heter-
ovalent or aliovalent substitutions are used to increase the ionic 
conductivity [189–191]. With regard to the ternary Li2S-P2S5-MS2 sys-
tems, Kanno et al. prepared a new thio-LISICON type by sintering Li2S, 
GeS2, and P2S5 in 700 ◦C in 2001 [192]. And they reported a Li-ion 
superionic conductor Li10GeP2S12 (tetragonal-type LGPS) with an ionic 
conductivity of 1.2 × 10− 2 S cm− 1 at room temperature in 2011, whose 
structure was different from thio-LISICON-type sulfide, bringing about a 
higher ionic conductivity [193]. LGPS electrolyte has a 3D skeleton 
structure and 1D Li-ion conduction pathways along c-axis [194]. And the 
Li+ hopping direction is nearly isotropic with a low activation energy of 
0.22 eV [195]. For ternary Li2S-P2S5-LiX systems, they are known as 
lithium argyrodites [196,197]. Deiseroth et al. demonstrated 3D Li-ion 
conduction pathways in lithium argyrodite electrolytes by molecular 
dynamics (MD) simulation, solid-state NMR, and electrochemical 
impedance spectroscopy (EIS) [198]. For quaternary sulfide systems, 
Kanno et al. reported a Li9.54Si1.74P1.44S11.7Cl0.3 ion conductor, dis-
playing 3D conduction pathways (1D along the c axis and 2D in the ab 
plane) [185]. Beyond the improved ionic conductivity, the substituting 
and doping strategies for sulfide ASSEs also bring about higher air sta-
bility [199–201]. In addition, the chemical instability is another 

important issue of sulfide-type ASSEs [202,203], which could be 
improved by oxygen doping constructing [204,205] or core-shell 
structure [206]. Moreover, the carbon additives in electrodes could 
cause the decomposition of sulfide-type ASSE at the electro-
de/electrolyte interface [207–209]. 

The mechanisms of Li+ transport in inorganic crystal framework 
have been already put forward, including interstitial diffusion, direct 
exchange and ring diffusion, vacancy diffusion mechanism as well [210, 
211]. However, more in-depth understandings of the ionic-transport 
behavior in sulfide-type ASSEs are still needed. Ceder et al. applied a 
structure matching algorithm to map the sulfur positions to the three 
most common crystal lattices: body-centered cubic (bcc), face-centered 
cubic (fcc, existed in Li2S) and hexagonal close-packed (hcp, existed in 
Li4GeS4, γ-Li3PS4, LGPS, and other thio-LISICONs) lattices [212]. Then, 
they further calculated the Li+-migration barrier within the bcc, fcc and 
hcp S2− anion lattices (Fig. 10(a-c)) [212]. In the bcc S2− lattice (Fig. 10 
(a)), Li-ion migrates with the lowest barrier of only 0.15 eV, along a path 
connecting two face-sharing tetrahedral sites (T1 and T2), denoted as 
T-T path. In the fcc S2− lattice (Fig. 10(b)), the migration of Li-ion passes 
by T1, O1(intermediate octahedral site) and T2 (0.40 eV), subsequently, 
denoted as T-O-T path [212]. In the hcp S2− lattice (Fig. 10(c)), both 
T-O-T and T-T (T1 to T3, 0.20 eV) paths are discovered, where Li+

conduction preferably goes through an alternation of T-T and T-O-T 
hopping [212]. The probability density of Li-ions obtained from AIMD 
simulations for several sulfide-type ASSEs was employed to further 
confirm the diffusion mechanisms of Li-ion in bcc, fcc and hcp sulfur 
lattices [212]. As shown in Fig. 10(d), the distribution of Li-ions in 
Li10GeP2S12 occurs predominantly via the channels connecting 
tetrahedrally-coordinated Li sites along the c axis, whereas a 3D Li-ion 
diffusion network is found in Li7P3S11 [212]. On the contrary, Li-ions 
are almost exclusively found on the isolated tetrahedral sites in the fcc 
Li2S, where the absence of a continuous diffusion network indicates that 
the Li-ions hop through these octahedral sites at a very low frequency 
[212]. In Li4GeS4, the probability densities of Li-ions are localized in 
pairs of face-sharing tetrahedral sites, corresponding to T-T hopping 
[212]. In general, the bcc sublattice possesses the lowest activation 
barrier and highest ionic conductivity, and the sulfur sublattices of both 
Li10GeP2S12 and Li7P3S11 closely match with a bcc lattice [212]. 

In 2004, Machida et al. firstly applied a sulfide-type ASSE of 
60Li2S⋅40SiS2 in Li4.4GexSi1-x-based battery, which possessed the ion 
conductivity of 1.8 × 10− 4 S cm− 1 at room temperature [140]. For 
Si-based ASSBs with sulfide-type ASSEs, the Si-based anodes are always 
fabricated as cold-pressing Si pellets and blade-casting sheet-type com-
posite Si pieces, which are suitable for scale-up manufacturing due to the 
good matching with the current production process of LIBs when 
compared with thin-film batteries based on LiPON ASSEs [109]. The 
sheet-type Si composite anodes almost consist of Si particles, sulfide 
solid particles, conductive carbon and binder, through blade-casting the 
slurry on a current collector. Hence, by integrating the Si particles and 
sulfide particles as composite anodes, the new interface between Si 
anode/sulfide ASSE is more complicated for the 3D contact than the 
interfaces between Si anode/liquid electrolyte and Si anode/LiPON 
ASSE. And the incompatible ‘solid-solid’ contact between Si anode/-
sulfide ASSE would generate new issues. 

In order to alleviate the issue of ‘solid-solid’ contact, there are 
tremendous strategies to construct a compact and intimate interface 
between Si anode and sulfide-type ASSEs. Jung et al. firstly prepared a 
conventional Si anode composed of μ-Si particles, a polymeric binder, 
and carbon additives (Super P), and then subsequently infiltrated the 
solution-processable Li6PS5Cl (dissolved in anhydrous ethyl alcohol). 
This strategy could not only avoid the side reactions between sulfide- 
type ASSEs and the high polarity solvent used for slurry preparation, 
but also enable an excellent contact and percolation between ASSEs and 
Si electrodes (Fig. 11(a)) [132]. As shown in Fig. 11(b), the pores in the 
Si electrode are filled well with Li6PS5Cl (LPSCl) electrolytes. Further-
more, the LPSCl-infiltrated Si electrodes show much higher reversible 
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capacities of over 3000 mAh g− 1 at 30  ◦C and better rate performance 
than the conventional dry-mixed electrodes (Fig. 11(c)) [132]. Notably, 
the effect of stress on Si-based LIBs have been discussed above, where 
the high stress could retain a compact interface contact between anode 
and sulfide-type ASSE, thus ensuring a more stable long-term cycle 
performance of battery. The application of compress pressure could 
confine the volume expansion of Si particles, further ensuring a much 
more stable and long-term cycling performance with sacrificing a frac-
tion of the overall capacity of Si-based ASSBs [101]. Low compression 
pressure of ASSBs causes a loose contact at the interface, resulting in 
serious capacity loss. Yamamoto et al. applied different compression 
presses on Si-based ASSBs based on Li3PS4 ASSEs, revealing that the 
compression pressure of 70 MPa could facilitate close contact at the 
interface via plastic deformation, and heal tiny cracks of Si anode during 
cycling [134]. The schematic illustration of the fabricated cell tightening 
by the cell holder is shown in Fig. 11(d) [134]. Fig. 11(e) (upper panel) 
illustrates that the voids and gaps at the interface between Si particles 
and ASSEs could be eliminated by the plastic deformation of sulfide-type 
ASSEs under external pressure during the long cycle [134]. And the 
cross-sectional SEM images of Si composite anodes (Fig. 11(e), bottom 
panel) demonstrate that a compressive pressure of 75 MPa applied in 
ASSBs heals the tiny cracks through the plastic deformation of ASSE 
compared with that of 50 MPa [134]. It could be found that higher 
pressure would improve the cell performance due to the maintenance of 
the ionic/electronic conductive pathways via particle contact, which 
exhibited a higher capacity retention of 64% (450 cycles) and a higher 
capacity than that of 50 MPa (Fig. 11(f)) [134]. 

It is well-known that electrodes are always mixed with ASSEs to 
construct a well-percolated ion conduction, which could fully utilize the 
capability of active material for minimizing the ionic resistance inside 
the electrodes [213–216]. And the interface with higher specific surface 
area between Si particles and ASSE generates a faster kinetic reaction, 
thus leading a better rate performance of batteries. Zhu’s group pre-
pared a Si composite anode (Si powder, Li6PS5Cl, and carbon black) 
through a simple ball-milling method, exhibiting an excellent rate per-
formance than Li-metal anode [16]. The structure of full cell is illus-
trated in Fig. 12(a), where both Si anode and NCM811 cathode are 
well-composite with ASSEs, providing intimate ionic contact and 

favorable ionic percolation [16]. Furthermore, they used a thin ASSE 
layer (50 μm) to assemble the Si-Li6PS5Cl||Li6PS5Cl||NCM811 full-cell 
with electrodes containing high mass loading of active material [16]. 
Notably, cell I (cathodic mass loading of 10 mg cm− 2) and cell II 
(cathodic mass loading of 20 mg cm− 2) exhibit good rate performance, 
among which cell I delivers average capacities of 184, 178, 163, 144, 
and 130 mAh g− 1 at C/20, C/10, C/5, C/2, and 1 C, respectively, much 
higher than that with In-Li anode (Fig. 12(b)) [16]. And full-cells also 
demonstrate an excellent cycle performance and a high energy density, 
delivering a high capacity of 145 mAh g− 1 at C/3 (1000 cycles, cell I) 
and a cell-level energy density of 285 Wh kg− 1 (cell II) (Fig. 12(c)) [16]. 
Although the carbon additives would facilitate the decomposition of 
sulfide-type ASSE at the first cycle, the decomposition product is ioni-
cally conductive and stable in the following cycles, demonstrated by 
operando synchrotron X-ray absorption near-edge structure (XANES) 
[114]. Ci et al. designed a core-shell structure anode of Li7P3S11(L-
PS)-encapsulated nano-silicon (Si@LPS), which provided an intimate 
interfacial contact between Si particles and LPS ASSEs, promoting 
Li-ions diffusion during cycling due to the high room-temperature ionic 
conductivity of LPS ASSEs (Fig. 12(d)) [138]. And the high-resolution 
transmission electron microscope (HRTEM) images and EDS mappings 
prove that LPS ASSEs are homogeneously distributed throughout every 
particle and the LPS-coating thickness is about 5–10 nm (Fig. 12(e)) 
[138]. Compared with the bare Si anode (Fig. 12(f), left panel), the 
Si@LPS composite anode (Fig. 12(f), right panel) shows higher capacity 
and much better cycling stability (904.8 mAh g− 1 with a capacity 
retention of 86.2% after 35 cycles at 50 mA g− 1) [138]. And the half-cell 
with Si@LPS anode also exhibits better electrochemical performances 
even at a higher current density (100 mA g− 1) with the specific capacity 
of 645.8 mAh g− 1 after 35 cycles (Fig. 12(g)) [138]. 

In addition, the conductive carbon and binder in electrodes would 
bring about some issues, such as the decomposition of sulfide ASSEs and 
heterogeneity of Si composite anodes [208,217-219]. Hence, the stra-
tegies of binder-free and carbon-free have been put forward to address 
the issues above [22,124,218-220]. In 2018, Yamamoto et al. fabricated 
a binder-free sheet-type battery through heat treatment to remove the 
volatile binder of poly(propylene carbonate) (PPC) [218]. And the 
binder-free strategy brings benefits for the batteries, including enhanced 

Fig. 10. Li-ion migration path (left panel) and the corresponding calculated migration energy (right panel) in bcc (a), fcc (b) and hcp (c) sulfur lattices [212]. The 
sulfur anions are colored yellow, and the Li ions are colored green, blue and red for different paths. LiS4 tetrahedra and LiS6 octahedra are colored green and red, 
respectively. (d) The probability densities of Li-ions are obtained from AIMD simulations at 900 K in Li10GeP2S12, Li7P3S11, Li2S and Li4GeS4, respectively. Isosurfaces 
of the ionic probability densities are plotted at increasing isovalues ranging from 2P0 to 32P0, in which P0 is defined as the mean value of the density for each 
structure. PS4 tetrahedra and GeS4 tetrahedra are colored purple and blue, respectively. The sulfur atoms are shown as small yellow circles for Li2S [212]. (a-d) 
Reproduced with permission from ref. [212]. Copyright Nature Publishing Group, 2015. 
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rate capability, excellent cycle stability, and a 2.6-fold increase of en-
ergy density when compared with the conventional pellet-type cells 
[218]. Subsequently, they employed the binder-free strategy into 
Si-based ASSBs, which exhibited a high initial Coulombic efficiencies of 
95% and long-term cycling stability (specific capacity above 1700 mAh 
g− 1 after 375 cycles) [131]. In 2019, Ohta et al. prepared a particulate Si 
anode without binder and carbon additives by spray deposition, 
resulting a thin and uniform layer of Si nanoparticles on the current 
collector, making a dense and intact interface. And the cell delivered a 
specific discharge of 2655 mAh g− 1 even at a high current density of 
5.48 mA cm− 2 [122]. In 2021, Meng et al. developed a slurry-based 
approach to prepare a Si anode consisting of 99.9 wt% μ-Si and 0.1 wt 
% PVDF binder [22]. The carbon-free μ-Si anodes without the penetra-
tion of electrolyte provided a 2D-plane interfacial contact with 
sulfide-type ASSE, which prevented the generation of new interfaces and 
eliminated the detrimental effect on the stability of sulfide-type ASSEs 
brought about by carbon additives [22]. They employed two Si com-
posite anodes (with and without 20 wt% carbon additives), a commer-
cial Li6PS5Cl electrolyte, and an NCM811 cathode to assemble the full 
cell for evaluating the impact of carbon on the μ-Si-based ASSB system 
[22]. As shown in Fig. 13(a), the voltage profiles of μ-Si||LPSCl|| 
NCM811 cells with and without carbon additives during the first lith-
iation process display different shapes, indicating different electro-
chemical reactions [22]. Specifically, the cell without carbon additives 
shows a typical voltage plateau around 3.5 V, whereas the cell with 

carbon additives shows a lower initial plateau at 2.5 V before reaching 
the lithiation potential above 3.5 V, indicating a serious decomposition 
of sulfide-type ASSEs [22]. And the XRD spectra of the pristine Si-ASSE, 
lithiated Si-ASSE, and lithiated Si-ASSE-carbon composites, demon-
strated severe electrolyte decompositions, since most of the diffraction 
signals of pristine ASSE were no longer present and the peaks of nano-
crystalline Li2S appeared in the lithiated Si-ASSE-carbon composites 
(Fig. 13(a)) [22]. Furthermore, the corresponding XPS spectra in Fig. 13 
(b) also confirm the conclusion that the presence of carbon results in a 
greater extent of ASSE decomposition. Notably, a greater decrease in 
peak intensities of the PS4

3− thiophosphate unit and a larger increase in 
peak intensities of the Li2S are observed from the electrode with carbon 
additives (Fig. 13(b)) [22]. Therefore, the full cells achieve a high areal 
capacity of 12 mAh cm− 2, a stable capacity retention of 80% after 500 
cycles and an average Coulombic efficiency of >99.9% (Fig. 13(c)) [22]. 
Recently, Wu et al. synthesized and investigated pristine Si anode, LiSi 
(lithiatied Si) anode and hard-carbon-stabilized Li-Si (LiSH) anode, 
respectively, and compared their electrode kinetics and mechanical 
stability [20]. The pristine Si anode after cycling shows vertical cracks 
throughout the anode and cracks at the Si/ASSE interface, which ag-
gravates the mechanical instability and sluggish electrode kinetics 
(Fig. 13(d), upper panel) [20]. The LiSi anode after cycling shows fewer 
and narrower vertical/interfacial cracks, but is easy to form lithium 
dendrite growth after Li plating process (Fig. 13(d), middle panel) [20]. 
In contrast, the LiSH anode after cycling shows a densely continuous 

Fig. 11. (a) Schematic diagrams of Si electrodes before and after the infiltration of LPSCl ASSEs [132]. (b) Cross-sectional SEM images of the LPSCl-infiltrated Si 
electrode under different pressures and the corresponding EDS elemental mapping [132]. (c) Electrochemical performance of the all-solid-state Si/Li-In half-cell with 
the LPSCl-infiltrated Si anode, the conventional dry-mixed electrodes without and with polyvinylidene fluoride (PVDF) binder (referred to mixture1 and mixture2, 
respectively), which were prepared by manual mixing in dry conditions [132]. (d) Schematic illustration of a fabricated cell tightening by the cell holder using bolts 
and nuts at three points [134]. (e) Schematic diagram of the interface evolution between Si particles and Li3PS4 electrolytes (upper panel), and cross-sectional SEM 
images of Si composite anodes under different pressures (bottom panel) [134]. (f) Cycling performances of Si/Li-In half-cell measured under CC–CV charge and CC 
discharge (0.128 mA cm− 2, 0.03–0.05 C) [134]. (a-c) Reproduced with permission from ref. [132]. Copyright Elsevier, 2019. (d-f) Reproduced with permission from 
ref. [134]. Copyright Elsevier, 2020. 
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morphology with fast lithium diffusion, since plastically deformable 
Li-rich phases (Li15Si4 and LiC6) could enlarge active area to suppress 
lithium dendrite growth and relieve stress concentration, leading to 
improved electrode kinetics and mechanical stability (Fig. 13(d), bottom 
panel) [20]. And the morphology evolutions of pristine Si, LiSi and LiSH 
anodes during cycling are investigated by SEM (Fig. 13(e)), which agree 
with the above conclusions as well [20]. Therefore, the Si-based anode 
with different weight ratios of Li, Si and HC (hard carbon) shows 
different electrochemical performance (Fig. 13(f)) [20]. The ASSB of 
LiHC anode without Si delivers a relatively low capacity, and the ASSB 
of LiSi anode without hard carbon quickly experiences a soft short cir-
cuit (Fig. 13(f)) [20]. Notably, the ASSBs with different LiSH anodes 
deliver stable cycle performances and high reversible capacities, among 
which LiSH46 anode exhibits the best cycle performance with little ca-
pacity decay even after 100 cycles for its improved lithium diffusion 
behavior, moderate thickness/porosity and superior mechanical stabil-
ity (Fig. 13(f)) [20]. As a result, the LiCoO2||Li6PS5Cl||LiSH46 ASSB 
demonstrates an ultrahigh capacity retention of 72.1% after 30,000 

cycles at a current density of 20 C (14.64 mA cm− 2) and 55 ◦C (Fig. 13 
(g)) [20]. 

3.3. Polymer-type and garnet-type ASSEs 

Solid polymer electrolytes (SPEs) possess excellent flexibility among 
all-types ASSEs, which are beneficial to accommodate the volume 
variation of Si anode [174]. Moreover, SPEs also have many obvious 
advantages such as good interface compatibility, high chemical stability, 
excellent electronic resistance, light-weight, good ductility, and high 
processibility [9,221-224]. However, the low room-temperature ionic 
conductivities of < 10− 5 S cm− 1 of polymer-type ASSEs severely hinder 
their practice applications [11]. Hence, many researches focus on the 
improvement of ionic conductivity at ambient temperature, such as the 
addition of plasticizers or fillers, and incorporating fast ionic conductors 
(inorganic ASSEs) [11,225,226]. The SPEs are divided into three types, 
including dry solid polymer electrolytes, gel/plasticized polymer elec-
trolyte and composite polymer electrolytes, whereas gel/plasticized 

Fig. 12. (a) Schematic of the Si-ASSE||LPSCl||NCM811 full cell with ASSEs permeated into anode and cathode, and the corresponding EDS elemental mappings [16]. 
(b) Rate performance and (c) long-term cycling performance of the full cell with cathodic mass loadings of 10 and 20 mg cm− 2, respectively [16]. (d) Structure 
schematic of Si@LPS||LPS||Li2S/Si full-cell [138]. (e) HRTEM, STEM images and EDS elemental mapping of Si@LPS [138]. (f) The charge/discharge voltage profiles 
of half-cells using bare Si anode (left panel) and Si@LPS anode (right panel) at 50 mA g− 1 and room temperature [138]. (g) Cycling performance of half-cells using 
bare Si anode and Si@LPS anode at 50 mA g− 1, and Si@LPS at 100 mA g− 1 and room temperature, respectively [138]. (a-c) Reproduced with permission from ref. 
[16]. Copyright WILEY-VCH, 2022. (d-g) Reproduced with permission from ref. [138]. Copyright Nature Publishing Group, 2020. 
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polymer electrolytes always contain liquid solvent, thus most of them 
cannot be defined as solvent-free ASSEs [9,227]. Among dry solid 
polymer electrolytes and composite polymer electrolytes, poly(ethylene 
oxide) (PEO) electrolytes have been mostly studied in ASSBs [228,229]. 
In 1978, Armand et al. proposed a PEO-Li SPE, whose ionic conductivity 
could achieve ~10− 4 S cm− 1 at high temperature of 40–60 ◦C [7]. In 
order to ensure the high ionic conductivity for SPE, PEO-based ASSBs 
are always operated at high temperature (60 ◦C) [230,231]. Zhao et al. 
prepared a PVDF fiber-supported PEO/garnet composite electrolyte 
(PPG), possessing an ionic conductivity of 8.1 × 10− 5 S cm− 1 at room 

temperature and a thin thickness of 60 μm [143]. As shown in Fig. 14(a), 
a metal-organic framework hosted Si (Si@MOF) is used as an anode, and 
the micro-sized MOF-derived carbon hosts could provide sufficient 
conductive pathways and effectively buffer the repeated volume varia-
tion during cycling [143]. The Si@MOF||PPG||Li half-cell retained a 
high reversible capacity of 1442 mAh g− 1 after 50 cycles (Fig. 14(b)) 
[143]. And the rate performance of Si@MOF symmetric cells is also 
investigated (Fig. 14(c-d)), which exhibited a long-term stable cycle 
performance of 1200 h at 0.2 mA cm− 2 [143]. The full cell using LiFePO4 
(LFP) cathode could deliver a capacity of 135 mAh g− 1 initially and 

Fig. 13. (a) Voltage profiles of the μ-Si||LPSCl||NCM811 cells with and without carbon additives (left panel) and XRD patterns of the pristine Si-SSE, lithiated Si-SSE, 
and lithiated Si-SSE-carbon composites (right panel) [22]. (b) S 2p and Li 1 s XPS spectra of the pristine Si-ASSE, lithiated Si-ASSE, and lithiated Si-ASSE-carbon 
composites [22]. (c) Cycle performance of μ-Si||LPSCl||NCM811 cell at room temperature [22]. (d) Schematic illustration of mechanisms for pristine Si (upper 
panel), Li-Si (middle panel) and hard-carbon-stabilized Li-Si anodes (bottom panel) in ASSBs [20]. (e) Cross-section SEM images of Si (upper panel), Li-Si (middle 
panel) and hard-carbon-stabilized Li-Si anodes (bottom panel) at initial state after activation at 0.1 C for 2 cycles (left panel) and after 10 cycles at 1 C (right panel) 
[20]. (f) Cycle performance of Si-based anodes with different ratios of Si and HC at 1 C and 55 ◦C. LiSi, LiSH82, LiSH64, LiSH46, LiSH28, and LiHC mean different 
weight ratios of Li, Si and HC (41:56:0, 32:51:13, 30:40:27, 23:29:44, 16:16:64, 8:0:87, respectively) [20]. (g) The charge/discharge capacity and Coulombic ef-
ficiency as a function of cycle number at 20 C (14.64 mA cm− 2) and 55 ◦C for LCoO2||Li6PS5Cl||LiSH46 ASSB [20]. (a-c) Reproduced with permission from ref. [22]. 
Copyright The American Association for the Advancement of Science, 2021. (d-g) Reproduced with permission from ref. [20]. Copyright Nature Publishing 
Group, 2023. 
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maintain a capacity retention of 73.1% after 500 cycles at 0.5 C (Fig. 14 
(e)) [143]. Han et al. prepared a PEO-based composite ASSE by com-
plexing PEO, lithium bis(trifluoromethane sulfonimide) (LiTFSI) and 
NASICON-type Li1.3Al0.3Ti1.7(PO4)3, possessing the ionic conductivities 
of 5.3 × 10− 5 S cm− 1 at 50 ◦C and 2.86 × 10− 5 S cm− 1 at room tem-
perature, respectively [88]. 

Garnet-type materials have the general formula A3B2Si3O12, in which 
the A and B cations have eight-fold and six-fold coordination, respec-
tively [9]. Garnet-type ceramic ASSEs generally have a high 
room-temperature ionic conductivity of > 10− 4 S cm− 1 and high elec-
trochemical/chemical stability, while the rigid nature of ceramic 
(Young’s modulus = 149.8 GPa, shear modulus = 59.6 GPa, and bulk 
modulus = 102.8 GPa) would produce high interfacial impedance and 
poor mechanical properties with electrodes, thus hindering their 
large-scale manufacturing [10,232,233]. Hence, the poor contact be-
tween Si anode and garnet-type ASSE is a tough issue for Si-based ASSBs. 
Guo’s group deposited the Si layer on a polished LLZTO ceramic pellet 
by direct current magnetron sputtering, and used the bulk Si (99.999%) 
as the target and pure Ar as the working gas [108]. The strategy of in situ 
deposition could solve the intrinsic contact issue between Si anode and 
garnet-type ASSEs, which is in accordance with that applied to 

LiPON-based ASSBs. Figs. 14(f-g) show the in situ SEM images of Si layer 
during the lithiation/deliathiation process, and the Si/LLZTO interfaces 
are sustainable due to the thin-thickness of 45 nm Si layer [108]. Sub-
sequently, the electrochemical performance of thin Si electrode are 
studied (Fig. 14(h-k)) [108]. The cyclic voltammogram curves show two 
reduction peaks at 0.11 and 0 V, corresponding to the initial lithiation of 
Si layer [108]. And two oxidation peaks at 0.37 and 0.51 V, corre-
sponding to the transformation of amorphous LixSi to Si (Fig. 14(h)) 
[108]. And the curve shapes of the 2nd and 10th cycles are almost 
consistent, implying the high stability of the Si/LLZTO interface [108]. 
Figs. 14(i-j) demonstrate the excellent capacity retention and rate per-
formance of Si||LLZTO||Li half-cell. The half-cell delivers a specific ca-
pacity of 1978 mAh g− 1 and retains 97.3% after 100 cycles [108]. Guo’s 
group also constructed a flexible interface between Si anode and a 
composite electrolyte consisting of PPCs and garnet-type ASSE, where 
the composite electrolytes showed a high ionic conductivity of 4.2 ×
10− 4 S cm− 1 at room temperature [234]. Hu et al. prepared a 
garnet-type ASSE of LLZAO (Li7La3Zr2O12 with 3 wt% Al2O3) with a high 
ionic conductivity (4  × 10− 4 S cm− 1), and subsequently deposited a 
1-μm Si anode layer on the ASSE via plasma-enhanced chemical vapor 
deposition (PECVD) [142]. And the half-cell exhibited a high discharge 

Fig. 14. (a) Schematic diagram of Si@MOF||PVDF/PEO/garnet||LFP ASSB [143]. (b) Voltage profiles of Si@MOF||PVDF/PEO/garnet||Li half-cell at 200 mA g− 1 

[143]. Voltage profiles of Si@MOF symmetric cell cycling at (c) different current densities, and (d) 0.2 mA cm− 2 [143]. (e) Long-cycling of Si@MOF|| 
PVDF/PEO/garnet||LFP full cell at 0.5 C. All cells above are tested at 60 ◦C [143]. In situ SEM investigation during the polarization of the Si||LLZTO||Li cell with the 
45-nm Si layer (f-g) [108]. (f) Schematic diagram of the Li||LLZTO||Si cell, and (g) SEM images during the lithiation/delithiation process. Electrochemical per-
formance of Li||LLZTO||Si half-cell and Si||LLZTO||LFP full-cell (h-k) [108]. (h) Cyclic voltammogram curves at the 1st, 2nd, and 10th cycles measured at a scan rate 
of 0.1 mV s− 1 within the potential ranging from 0.01 to 1.5 V vs. Li+/Li. (i) Cycling performance of half-cell at 4 μA cm− 2. (j) Rate performance of half-cell at 4, 8, 20, 
40, 80, 200, 400, and 4 μA cm− 2, respectively. (k) Cycling performance of full-cell at 8 μA cm− 2. The cells were tested at room temperature. (a-e) Reproduced with 
permission from ref. [143]. Copyright American Chemical Society, 2022. (f-k) Reproduced with permission from ref. [108]. Copyright American Chemical Soci-
ety, 2018. 
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specific capacity of 2685 mAh g− 1 and an excellent initial Coulombic 
efficiency of 83.2%, higher than that of the Si anodes with liquid elec-
trolyte (77.1%), indicating the reduced irreversible reaction at the in-
terfaces between Si anodes and ASSEs [142]. 

Overall, due to the ultra-high ionic conductivities at room temper-
ature, sulfide-type ASSEs attract great interests from most researchers. 
Moreover, the good mechanical property provides a flexible interface 
between electrode and ASSE, and alleviates the volume expansion of Si 
particles. However, the poor air stability and narrow electrochemical 
window of sulfide-type ASSEs are unsatisfactory, which hinder their 
large-scale applications. Polymer-type ASSEs are flexible and stable, but 
they are extremely limited by the low ionic conductivity at room tem-
perature. Garnet-type ASSEs possess high ionic conductivities at room 
temperature, whereas their mechanical properties and interfacial 
impedance with electrodes are undesirable. Although LiPON-type ASSEs 
have low ionic conductivity at room temperature, they are always 
deposited as thin-films, resulting in a low ionic conductive impedance of 
the whole electrolytes. However, limited by the current technology, 
LiPON-type ASSEs could be only applied to small-scale electronic 
products. 

4. Structural design of Si-based anodes in ASSBs 

The volume expansion of Si anode is the key issue for long-term 
cycling of battery, thus it is necessary to relieve or restrain the 
intrinsic problem on Si anode side, such as the strategy of effective 
structural design. There are two main structural designs on Si-based 

anode, including nano-structure (thin-films, nanoparticles, nanowires, 
nanotubes, nano-porous Si, etc.), and composite structure (compounding 
with carbon, metal, conductive polymer, binder, etc.) [123,235-251]. 
The strategies for addressing the issues of Si anodes have been greatly 
developed in Si-based liquid LIBs [32,39,40,252,253]. Obviously, these 
methods could effectively solve the issues of Si anode in ASSBs as well. 
Thus, this chapter focuses on the structural design of Si anode in ASSBs, 
including nano-structure and composite structure (Table 1). 

Nanostructured Si anodes are advantageous for their ability to 
accommodate lithiation-induced strain, resulting in no or minor fracture 
during cycling and high rate performance [254]. For instance, thin-film 
Si anodes are generally applied into LiPON and garnet-based ASSBs to 
obtain a stable cycle performance [111,112,141]. As shown in Fig. 15 
(a), Wang et al. deposited a 750-nm LiMn1.5Ni0.5O4 (LMNO) cathode 
layer, a 1000-nm LiPON electrolyte layer and a 150- nm silicon anode 
layer step by step for full battery fabrication [111]. The XRD spectra 
demonstrate that the as-prepared Si anode deposited on the copper 
current collector is an amorphous thin-film, which possessed a more 
stable cycle performance than crystalline Si anode (Fig. 15(b)) [111]. 
And the Si||LiPON||LNMO full battery is cycled between 4.55 and 3 V 
under a rate of C/4 at 25 ◦C, which retains a capacity of ~37 μAh cm− 2 

after 40 cycles (Fig. 15(c)) [111]. Kanazawa et al. deposited a 60-nm Si 
anode layer onto the LiPON surface, exhibiting large unit area capacities 
of 32.8 and 15.7 μAh cm− 2 at the first charge and discharge cycles [112]. 
Villevieille et al. deposited a 50-nm Si anode layer on LLZTO surface, 
and the Si||garnet||Li half-cell achieved an initial capacity of ~2700 
mAh g− 1 and stabilized a capacity above 1200 mAh g− 1 for more than 

Fig. 15. (a) SEM cross-section image of the Si||LiPON||LiNi1.5Ni0.5O4 full battery [111]. (b) X-ray diffractions of the thin Si layer deposited on copper (Cu) current 
collector and pristine Cu current collector [111]. (c) Cycle performance of Si||LiPON||LiNi1.5Ni0.5O4 full cell [111]. (d) TEM images of nano-porous Si particles [129]. 
(e) Si 2p XPS spectra of nano-porous Si particles [129]. (f) Discharge capacity and CE of nano-porous and non-porous Li-In||Li3PS4||Si half-cells [129]. (g) Schematic 
of the cross-section view of a 3D integrated ASSB [107]. (h) SEM images of Si rods with the diameters of 300 and 750 nm, respectively [107]. (i) Capacity vs. cycle 
number for Si anodes with various rod diameter (800 and 1500 nm) and applied current density (C/2 and C/10) [107]. (a-c) Reproduced with permission from ref. 
[111]. Copyright Taylor & Francis, 2015. (d-f) Reproduced with permission from ref. [129]. Copyright The Electrochemical Society, 2022. (g-i) Reproduced with 
permission from ref. [107]. Copyright Elsevier, 2011. 
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100 cycles at 80 ◦C [141]. Guo et al. deposited thin Si layer with various 
thicknesses on LLZTO ASSEs and studied their electrochemical perfor-
mance, demonstrating that the thinner Si anode possesses a more stable 
cycle performance than that of thick anode [108]. 

Okuno’s group fabricated nano-porous Si particles by high- 
temperature reaction and acid-pickling step, and the particles were 
spherical in shape with a diameter of approximately 250–300 nm 
(Fig. 15(d)) [129]. Fig. 15(e) shows the XPS spectrum of Si 2p electrons, 
among which the peak at 98.8 eV is attributed to Si cores, and the peaks 
at 102.8 eV, 100.5 eV, and 99.5 eV are corresponding to silicon oxides 
[129]. The assembled Li-In||Li3PS4||nano-porous Si half-cell exhibits an 
excellent capacity retention of 89% after 50 cycles than that of 
non-porous Si anode (Fig. 15(f)) [129]. Furthermore, they used the 
mechanical-milling method to highly disperse the Si composite anodes, 
and the assembled half-cell achieved a high capacity retention of 80% up 
to 150 cycles [128]. Lee et al. used Si nanoparticles (50–100 nm) as 
anode materials in sulfide-based ASSBs, which exhibited a capacity 
retention of 66.9% after 40 cycles [124]. Additionally, the structures of 
Si nanotube were also studied in Si-based ASSBs [107,116]. In 2011, Lee 
et al. investigated the fabrication of structured Si rod electrodes to 
assemble the 3D integrated ASSBs with 77.5Li2S-22.5P2S5 ASSEs 
(Fig. 15(g)) [107]. And the diameter of Si rods is fabricated within the 
range of 300–8000 nm (Fig. 15(h)) [107]. The half-cell with 800-nm Si 

rods anode shows better cycle life and higher capacity than that of 1500 
nm Si rods anode (Fig. 15(i)) [107]. In 2020, Kaskel’ group fabricated a 
compact columnar-Si anode (col-Si) by the PVD method, which could 
provide a 2D contact interface to ASSEs, thus weakening the side reac-
tion at the interface for its low specific surface area [116]. Ultimately, 
the col-Si||Li6PS5Cl||LiNi0.9Co0.05Mn0.05O2 full-cell demonstrated a 
highly stable cycling performance for more than 100 cycles with a high 
CE of 99.7–99.9%, and an industrially relevant areal loading of 3.5 mAh 
cm− 2 [116]. 

To improve the mechanical stability and electronic/ionic conduc-
tivity of Si anode, several composite structures in ASSBs have been put 
forward, such as Si-carbon, Si-ASSEs, Si-metal and so on [117,120,124, 
255-259]. In 2009, Lee et al. employed a nano-Si anode with 
glass-ceramic Li2S-P2S5 electrolytes into ASSBs, and the assembled 
half-cell showed a slow decrease of specific capacity from 1420 to 950 
mAh g− 1 when up to the 40th cycle [124]. Paik et al. fabricated a 
Si/CNF@LPSCl composite anode by embedding the Si-nanoparticles in 
the carbon nanofiber (CNF) and subsequently sheathing them with 
LPSCl, and the assembled ASSB achieved a high energy density and 
stable cyclability (Fig. 16(a-d)) [120]. As shown in Fig. 16(a), the CNF 
matrix not only improves the mechanical stability to prevent from the 
huge volume expansion of Si particles during cycling but also provides 
good electronic conductivity in the electrode [120]. Furthermore, with 

Fig. 16. (a) Schematic illustrating the lithiation processes of Si/CNF-SE (left panel) and Si/CNF@LPSCl (right panel) composite anodes, respectively [120]. (b) The 
images from left to right are SEM images, TEM images, EDS mappings and HR-TEM images of Si/CNF (upper panel) and Si/CNF@LPSCl composite (bottom panel) 
anodes, respectively [120]. (c) Rate capability of the Si/CNF and Si/CNF@LPSCl composite anodes, respectively [120]. (d) Cycle performance of Si/CNF and 
Si/CNF@LPSCl composite anodes at 0.5 C, respectively [120]. (e) SEM image of bare Si nanoparticles (left) and TEM image of silicon-carbon void structure (right) 
[117]. (f) Cycle performance of half-cells with Si-C composite and bare-Si anodes at 0.2 mA cm− 2, respectively [117]. (a-d) Reproduced with permission from ref. 
[120]. Copyright Elsevier, 2011. (e-f) Reproduced with permission from ref. [117]. Copyright Elsevier, 2021. 

X. Zhan et al.                                                                                                                                                                                                                                    



Energy Storage Materials 61 (2023) 102875

22

the addition of LPSCl-ASSE into Si/CNF composite anode, a more 
favorable strain could be released and robust electronic/ionic pathways 
are available. Fig. 16(b) shows SEM images, TEM images and corre-
sponding EDS mappings of Si/CNF and Si/CNF@LPSCl composite an-
odes, respectively. Specially, Si nanoparticles with 60 nm diameter are 
embedded in the CNF fibers (~ 500 nm diameter) and 20 nm LPSCl layer 
is conformally coated on the surface of Si/CNF composite [120]. 
Compared with Si/CNF composite anode, Si/CNF@LPSCl composite 
anode possesses intimate contacts between the active material and ASSE 
due to the LPSCl coating [120]. Thus, the Si/CNF@LPSCl||LPSCl||Li-In 
half-cell exhibits a better rate performance and a more stable cycle ca-
pacity, delivering an initial capacity of 728 mAh g− 1 and a stable cycle 
retention of 83.4% for 50 cycles at a current density of 0.5 C at 25 ◦C 
(Fig. 16(c-d)) [120]. Poetke et al. fabricated a silicon-carbon(C)-void 
structure of Si composite anode, among which the void structure 
could accommodate the volume expansion of Si anode during cycling 
(Fig. 16(e)) [117]. Therefore, the half-cell using Si-C composite anode 
shows more stable cycle performance compared with the bare Si anode 
(Fig. 16(f)) [117]. The Si@C||LiPSCl||Li half-cells with various Si con-
tents in Si composite anode deliver different specific capacities, among 
which the Si37@C composite anode exhibits the highest lithiation ca-
pacity of >2570 mAh g− 1 after 50 cycles for its appropriate volume ratio 
between Si core and C shell [117]. Lee et al. used polyacrylonitrile 
(PAN) as both a binder and a conductive additive for Si-nanoparticle 
anode, and the assembled half-cell attained large reversible capacities 
of ~1500 mAh g− 1 at 1 C rate (>3 mA cm− 2) [125]. Navarra et al. 
prepared a Si composite anode within micro-Si, graphite, LiI-Li3PS4 
ASSE, and CNF, which exhibited a capacity above 1200 mAh g− 1 over 50 
cycles [121]. Lee et al. also prepared a Si-C composite anode, among 
which the carbon came from the pyrolysis of coal-tar-pitch, delivering a 
stable specific capacity of 653.5 mAh g− 1 after 100 cycles [127]. 
Huang’s group put forward a “reinforced concrete” structure of Si 
composite anode within Si, carbon-nanotubes, and carbon, and the 
half-cell exhibited a reversible capacity of 1226 mAh g− 1 after 50 cycles 
at 50 mA g− 1 [119]. Kim’s group reported a diffusion-dependent elec-
trode that is comprised mostly of active materials without permeation of 
ASSEs, which could also deliver high energy density [23,118,260]. They 
thought that a seamless interface between each active material particles 
could form an efficient and continuous route for Li+ transport in the 
electrode [23,261]. Therefore, they prepared a diffusion-dependent 
graphite-silicon electrode with short-range Li+ diffusion paths for a 
rapid charge/discharge process. As a result, the content of Si in 
graphite-silicon composite anode could increase the capacity of battery, 
and the compliant graphite could accommodate the volume variation of 
Si particles and continuously provide abundant electrons transport for 
long-term cycling [23]. 

Although the structural-design strategies of Si anode play an effec-
tive role in the improvement of the electrochemical performance, there 
still exist some limitations. When the size of Si particles is reduced to 
nano-scale, the agglomeration effect is generally unavoidable between 
the particles, and the high specific surface area and surface energy 
would increase the reactivity of Si particles, which accelerate the ca-
pacity decay of batteries. Furthermore, the synthetic process of nano- 
structure is always complicated and inefficient, which goes against 
large-scale production. The same problem also occurs in the composite 
structure of Si anode. And the low Si content in Si composite anode 
results in low mass loading and further leads to the low energy density of 
Si-based ASSBs, which could be alleviated by increasing the tap/ 
compaction density of Si anode [262]. Hence, in order to be commer-
cially available, researches should not only focus on solving the key is-
sues within Si-based ASSBs, but also further develop the modified 
strategies towards economic and technological feasibilities. 

5. Construction and application of Si-based all-solid-state full 
batteries 

Due to the good compatibility between Si anodes and ASSEs, the 
assembled half-cells have exhibited excellent electrochemical perfor-
mances. However, the half-cells using Li or Li-In as counter electrodes 
deliver a relatively low voltage, which couldn’t meet the high-voltage 
requirement of current electronic products. Hence, it is necessary to 
match Si anode with a high-voltage cathode and assemble them into the 
all-solid-state full batteries for further practical commercializing. This 
chapter reviews researches of Si-based all-solid-state full batteries and 
searches for their potential high-energy-density systems (Table 2). 

In 2003, Lee et al. deposited a 170-nm LiCoO2 layer as a positive 
electrode through RF magnetron sputtering, and the Si0.7V0.3||LiSiPON|| 
LiCoO2 full-cell could cycle stably when operated between 2.0 and 3.9 V 
[113]. In 2004, Machida’ group prepared a cathode composed of crys-
talline LiCo0.3Ni0.7O2 (59 wt%), ASSE (39 wt%) and acetylene black (2 
wt%) powders, and the assembled full cell could deliver a specific ca-
pacity of 190 mAh g− 1 with a cutoff voltage from 4.1 to 2.3 V [140]. The 
previous researches demonstrated the availability of Si-based all-so-
lid-state full batteries. In 2018, Guo et al. used LFP with carbon-coating 
as a cathode to construct a Si||LLZTO||LFP@C full battery, which 
exhibited a reversible capacity of 120 mAh g− 1 and a capacity retention 
of 72% after 100 cycles [108]. Zhao et al. used the LFP material as a 
cathode, PEO/LLZTO ASSE as an electrolyte and Si@MOF material as an 
anode, and the assembled Si@MOF||PEO/LLZTO||LFP pouch cell could 
stably cycle for 50 cycles under 0.2 C at 60 ◦C [143]. To achieve a higher 
energy density of batteries, layered transition metal oxides of cathodes 
with high Ni-content have been developed (e.g., LiNi0.8Co0.1Mn0.1O2 or 
LiNi0.9Co0.05Mn0.05O2, denoted as NCM), which possess high specific 
energy capacity (200–250 mAh g− 1) and relatively high operating 
voltage (~4.3 V vs. Li+/Li) [263]. However, these cathodes are instable 
at high-voltage, which could also cause the oxidative decomposition of 
ASSEs [263]. Hence, the strategies of surface coating are widely used in 
high-voltage cathodes to improve their electrochemical stability [264]. 
In 2022, Zhu et al. used wet-chemical methods to fabricate the Li2SiOx 
coating on NCM811, which could stabilize the interface between the 
cathode and the ASSE [16]. Furthermore, the full cell composed of 
nano-Si composite anode, thin ASSE, and the Li2SiOx@S-NCM cathode, 
could achieve a cell-level energy density of 285 Wh kg− 1 with a high 
cathode mass loading of 20 mg cm− 2 [16]. And they also employed the 
similar strategy to construct bipolar stacked ASSBs, which delivered a 
high voltage of 8.2 V and a cell-level energy density of 204 Wh kg− 1, 
higher than the 189 Wh kg− 1 of mono cell [110]. Poetke’s group pre-
pared a LiNi0.9Co0.05Mn0.05O2 cathode with Li2O-ZrO2 coating by sol-gel 
method, and the full cell with a negative/positive (N/P) ratio of 1.1 led 
to ultra-high energy densities (375 Wh kg− 1 and 1178 Wh L− 1) [117]. In 
addition, the boron-coating and LiNbO3-coating are also investigated 
and employed in Si-based ASSBs [22,131,132]. 

Notably, the energy density of full battery is affected by many fac-
tors, such as the mass loading of active materials, N/P ratios, the types of 
ASSEs (such as light-weight SPE), the thickness of cathode, ASSE and 
anode, the applied stack pressure, and the weight (or volume) of all 
components (active materials, binders, carbon additives, ASSE, current 
collectors, packaging materials, etc.). Actually, thick-film ASSEs (e.g., 
sulfide-type ASSE [265] and garnet-type ASSE [266]) decrease the 
battery’s gravimetric/volumetric energy density and their rate perfor-
mance. In order to study the relationship between the energy density of 
full batteries and thickness of ASSEs, Janek et al. calculated the specific 
energy density of Si||ASSE||NCM811 full batteries based on various 
ASSEs with different thicknesses [109]. They found that when the 
thickness of the LPSCl electrolyte was reduced from 100 to 30 μm, the 
specific energy density of Si||LPSCl||NCM811 cells would increase from 
270.3 to 350.8 Wh kg− 1. And when the target of the energy density of 
Si||ASSE||NCM full-cells was set as 300 Wh kg− 1, the corresponding 
thickness of LLZO, LPSCl, and PEO ASSEs should be less than 23, 74, and 
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92 μm, respectively. Therefore, decreasing the thickness of ASSEs is 
confirmed to be an effective method to further improve the energy 
density of full batteries. The garnet-type ASSEs are usually thick up to 
~1 mm, meanwhile, the densities of garnet-type ASSEs are higher than 
other classes of ASSEs (sulfides and polymers), which greatly limit the 
overall gravimetric/volumetric energy density of battery [266]. How-
ever, processing a thin but robust garnet-type ASSEs is challenging for 
the brittle nature of ceramic [267]. Rupp et al. thought that the pro-
cessing of thin-film garnet-type ASSE could start from wet-chemical 
scalable routes or low-temperature ceramic processing rather than 
conventional ceramic sintering, and requires alternative strategies to 
manufacture Li stoichiometries with a certain precision to ensure phase 
stability and high performance of the ASSE [267]. In addition, the 
external stack pressure applied for ASSBs also has an effect on the 
electrochemical performance, since the external stack pressure during 
the operation of ASSBs could maintain the ionic and electronic con-
duction network (Fig. 6(e-g)). Yamamoto et al. studied the effect of 
different external stack pressure on performance and microstructure of 

Si-based all-solid-state full batteries [134]. And the Si||Li3PS4||NMC full 
cells under compressive pressures of 75 MPa showed higher initial 
discharge capacity and lower resistance than that of 50 MPa, and pres-
sure facilitates plastic deformation of LixSi and ASSE, resulting in their 
improved contact [134]. 

Generally speaking, achieving a higher energy density (e.g., > 300 
Wh kg− 1) of Si-based all-solid-state full battery is still a challenge under 
the practical condition, since there are many sticky issues within the 
batteries, such as the low loading of active materials in the electrode (e. 
g., Si-C composite anode), the undesirable interfacial impedance be-
tween electrode and ASSE, high difficulty in reducing the thickness of 
ASSEs, instability of high-voltage cathode, etc. Furthermore, the volume 
variation of Si anode also harms the cycle performance of batteries. 
Although there exist some challenges, great progresses have been made 
in Si-based ASSBs with outstanding electrochemical performance, which 
could provide guidance for constructing high-energy-density Si-based 
all-solid-state full battery. And the nano-structure of Si anode and 
decreasing the thickness of ASSEs are proven as effective methods for 

Table 2 
Electrochemical performance of Si-based all-solid-state full batteries with various cathodes.  

Si-based 
anode 

All-solid-state electrolyte Cathode /Voltage range Stack 
pressure 

Current density/ 
Temperature 

Cycling performance/ 
Capacity retention 

Refs. 

Type Type/thickness Ionic 
conductivity/ 
Temperature 

Nano Si 
@Li7P3S11 

Li6PS5Cl < 50 μm ~2 mS cm− 1 RT Li2SiOx@S-NCM811 2.4–4.2 V 50 MPa 0.3 C RT 1st: 145 mAh g− 1 [16] 
1000th: 91 mAh g− 1 

(62.9%) 
0.158 mA cm− 2 RT 285 Wh kg− 1 

Si37@C Li6PS5Cl ~ 750 μm 3 mS cm− 1 RT LiNi0.9Co0.05Mn0.05O2@LZO 
1.5–4.25V 

3.5 Nm 0.07 mA cm− 2 RT 1st: 187 mAh g− 1 [117] 
1.47 mA cm− 2 RT 1st: 125 mAh g− 1 

Nano Si@ 
Li6PS5Cl 

Li6PS5Cl 47 μm > 1 mS cm− 1 RT Li2SiOx@S-NCM 2.25–4.1V 50 MPa 0.1 C 1st: 145 mAh g− 1 [110] 
1st: 189 Wh kg− 1 

(mono cell) 
1st: 204 Wh kg− 1 

(bipolar stack) 
Si@LPSCl Li5.4PS4.4Cl1.6 ~8 × 10− 3 S 

cm− 1 RT 
NCM@Li2SiOx-SE 150 MPa Cycled at C/20, C/10, 

C/5, C/2, and 1 C, 
respectively, RT 

1st: 134, 117, 98, 68, 
and 45 mAh g− 1, 
respectively 

[114] 

LixSi Li6PS5Cl 475 μm / S ~50 MPa 1 C 60 ◦C 1st: 1301 mAh g− 1 [115] 
0.3 C 25 ◦C 1st: 980 mAh g− 1 

500th: 748 mAh g− 1 

(76.3%) 
Columnar-Si Li6PS5Cl ~750 µm 3 mS cm− 1 RT LiNi0.9Co0.05Mn0.05O2 

2.0–4.25 V 
3.0 Nm 0.07 mA cm− 2 25 ◦C 1st: 210 mAh g− 1 [116] 

Li7P3S11 

coated Si 
Li7P3S11 10− 3 S cm− 1 RT Li2S/graphene 1–3 V / 50 mA g− 1 RT 1st: 316.9 mAh g− 1 [138] 

20th: 179.4 mAh g− 1 

99.9 wt%μ-Si 
27 μm 

Li6PS5Cl 30 μm > 1 mS cm− 1 RT NCM811@B 50 MPa 5 mA cm− 2 (1 C) RT 1st: 2 mAh cm− 2 [22] 
500th: 1.6 mAh cm− 2 

(80%) 
u-Si@LPS 75Li2S-25P2S5 ~ 50 μm 5 × 10− 4 S cm− 1 

RT 
NCM@LiNbO3 2.5–4.2 V 75 MPa 0.064 mA cm− 2 30 ◦C 1st: 132 mAh g− 1 [131] 

1st: 212 Wh kg− 1 

Si@Li6PS5Cl Li3PS4 1.4 × 10− 3 S 
cm− 1 30 ◦C 

LiCoO2@LiNbO3 2.8–4.2 V 140 and 
20 MPa 

0.1 C (0.14 mA cm− 2) 
30 ◦C 

1st: 104 mAh g− 1 [132] 
1st: 338 Wh kg− 1 

Li4.4GexSi1-x 60Li2S-40SiS2 1.8 × 10− 4 S 
cm− 1 RT 

LiCo0.3Ni0.7O2@SSE 2.3–4.1 V / 64 μA cm− 2 1st: 190 mAh g− 1 [140] 

μ-Si@LPS Li3PS4 ~ 75 μm 5 × 10− 4 S cm− 1 

RT 
NCM@LiNbO3-SE 2.5–4.2 V 75 MPa 0.15 (0.06–0.07 C)- 6 

mA cm− 2 (2.5–2.9 C) 
1st: 146 mAh g− 1 [134] 
38th: 98 mAh g− 1 

(67%) 
10 wt%Si 

-graphite 
Li6PS5Cl / LiCoO2-Li3InCl6 3 ~ 4.2 V 60 MPa 0.5 C 25 ◦C 1st: 1.75 mAh cm− 2 [23] 

Amorphous Si LiPON 1.5 μm / VO-LiPO 0.5–3 V / 0.3 μA RT 1st: 15.7 μAh cm− 2 [112] 
thin Si layer, 

180 nm 
LLZTO 1 mm / LiFePO4@C / 8 μA cm− 2 RT 1st: 120 mAh g− 1 [108] 

100th: 86 mAh g− 1 

(72%) 
Si0.7V0.3 15 

nm 
Li1.9Si0.28P1.0O1.1N1.0 1.2 
μm 

8.8 × 10− 6 S 
cm− 1 RT 

LiCoO2 2–3.9 V / RT 1500th: ~50 μAh 
cm− 2 

[113] 

Amorphous Si LiPON 1 μm 2.2 × 10− 6 S 
cm− 1 RT 

LiMn1.5Ni0.5O4 3.0–4.55V / 0.01 mA 25 ◦C 1st: 47 μAh cm− 2 [111] 

Nano Si@ 
Micro-MOF 

PVDF/PEO/ 
Li6.5La3Zr1.5Ta0.5O12 

(LLZTO) 60 μm 

8.1 × 10− 5 S 
cm− 1 25 ◦C 

LiFePO4 2.0–4.0 V / 0.2 C 60 ◦C 1st: 148 mAh g− 1 [143] 
100th: 136 mAh g− 1 

(91.9%) 
0.5 C 60 ◦C 500th: 73.1%  
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improving the cycle stability and energy density of full batteries. In 
addition, Si-based ASSBs with thin-film electrolytes have been already 
applied in MEMS (Fig. 1(b)) in the past few decades. Hence, the large- 
scale Si-based ASSBs could probably be applied in 3C products, even 
EVs in the near future. 

6. Conclusion and future perspectives 

In this review, we describe in detail the electro-chemo-mechanical 
behavior of Si anode, including the lithiation mechanism, dynamic SEI 
reconstruction, evolution and effect of stress in Si-based LIBs, etc. 
Furthermore, failure mechanisms of Si-based liquid batteries are widely 
studied, whereas the relevant researches of ASSBs are still inadequate. 
Hence, to reveal the failure mechanism of Si-based ASSBs, further 
characterization techniques should be vigorously developed, such as in 
situ visualization tests on the dynamic evolution of Si anode and inter-
face during long-term cycling processes. Subsequently, we also sys-
tematically summarize the development of different ASSEs and Si 
anodes in Si-based ASSBs in recent years. ASSEs used for Si-based ASSBs 
at present include LiPON-type, sulfide-type, garnet-type and polymer- 
type ASSEs, among which sulfide-type ASSEs are the most popular 
materials for ductile mechanical properties and high ionic conductivities 
at room temperature. However, the undesirable electrochemical win-
dow, poor stability in air or polar solvent, and unstable interface with 
electrodes of sulfide-type ASSEs limit their broad application. Thus, the 
available modified strategies for sulfide-type ASSEs are put forward to 
address the above issues, including doping and coating. Beyond the 
ASSEs, the structure of Si anode could be optimized to further improve 
the electrochemical performance of ASSBs. And many structural-design 
strategies in Si-based liquid batteries are guidable for ASSBs as well, i.e., 
nano-structure and composite structure. However, these strategies are 
perhaps not suitable for constructing high-mass-loading anodes and 
applying them to large-scale production. In order to meet the demands 
of practical application, high-voltage cathodes are used by many re-
searches to match Si-based anodes for constructing high-energy Si-based 
ASSBs. Benefiting from the numerous merits of Si-based ASSBs, they are 
the most promising candidates for next-generation energy storage 
systems. 

Nevertheless, several challenges still hinder further practical appli-
cations of Si-based ASSBs. In this regard, we proposed some suggestions 
for the development of next-generation Si-based ASSBs.  

a) Further fundamental understanding of failure mechanisms in Si- 
based ASSBs. The failure mechanisms of Si-based liquid batteries 
are scientifically investigated by many advanced characterizations, 
which could provide guidance for the optimization of Si-based anode 
in liquid batteries. However, the failure mechanisms in Si-based 
ASSBs are unsystematic for the insufficient relevant studies, which 
hinder the development of the optimal strategies for Si-based anode 
in ASSBs. Hence, the in situ visualization of Si anode and SEI analysis 
at the interface in ASSB should be further developed, such as cryo- 
EM, in situ X-ray computed tomography, in situ TEM, in situ XPS, in 
situ atomic force microscopy (AFM) and time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) [60,87,95,268-270].  

b) Further enhancing the room-temperature ionic conductivity and 
electrochemical/chemical stability of ASSEs. The ideal ASSEs should 
possess a wide electrochemical stability window, high ionic con-
ductivity at room temperature, low electronic conductivity, good 
mechanical properties, high chemical stability, low cost, and simple 
processability. Unfortunately, the present ASSEs couldn’t meet all 
the requirements. Thereinto, sulfide-type ASSEs possess ultra-high 
ionic conductivity and good ductility, yet have their limitations (e. 
g., unstable electrochemical window and instability to moisture or 
polar solvent), which should be solved by coating or doping 
methods. Although polymer-type ASSEs have high stability and 
flexibility, they are limited by the high impedance of Li+ transfer at 

room temperature. Accordingly, increasing the ionic conductivity of 
polymer-type ASSEs is a possible approach for the further application 
of Si-based ASSBs. More importantly, reducing the thickness of 
polymer-type ASSEs is another good strategy for their decreased bulk 
resistance on ionic conduction of whole electrolytes. Furthermore, 
reducing the thickness of ASSEs is effective for increasing the energy 
density of full batteries as well.  

c) Promoting economic and technological feasibilities for large-scale 
applications. Although the nano-structure and composite structure 
of Si anodes are helpful to improve the electrochemical performance 
of batteries, the fabrication process is always complicated and inef-
ficient, which is not applicable for practical productions. Hence, the 
synthetic technique of nano-structure and composite structure 
should be further developed towards low cost and high efficiency, 
such as μSi-graphite composite anode. In addition, the silicon oxide 
(SiO) materials derived from pure Si possess lower volume expansion 
and higher cycle performance than Si anode, which have realized 
commercial applications in liquid batteries [271]. Therefore, SiO 
could be an alternative material as anode for Si-based ASSBs [272]. 

In conclusion, Si-based ASSBs are the promising alternative for the 
next-generation energy storage system owing to their high energy den-
sity and reliable safety. Fortunately, even though there exist some 
challenges before the practical application of Si-based ASSBs, the rele-
vant researches in liquid batteries are numerous, which are available for 
reference to Si-based ASSBs. Furthermore, advanced researches of Si- 
based ASSBs have shown their great potential for practical applica-
tions. Therefore, it is worthwhile to further investigate the failure 
mechanisms and advanced strategies to gain a deeper understanding 
and improve electrochemical performance of Si-based ASSBs. And we 
hope that this review provides in-depth understandings of failure 
mechanisms and advanced optimization strategies of Si-based ASSBs to 
guide their further development. 
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