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1. Introduction

Growing concern about CO2 emissions 
triggered the development of electric vehi-
cles (EVs) to replace the internal combus-
tion engine.[1] Given current lithium-ion 
batteries (LiBs) using liquid electrolytes 
cannot meet the greatly increased demand 
for energy density and safety, it is of sig-
nificance to develop new generation bat-
teries.[2] All-solid-state lithium batteries 
(ASLBs), based on nonflammable solid-
state electrolytes (SEs), are expected to 
boost the energy density through a unique 
bipolar stacking and relief the safety con-
cern.[3] However, batteries based on con-
ventional LiCoO2 cathode and graphite 
anode have reached the theoretical limi-
tation to energy density.[4] It is urgent to 
employ high-capacity electrode materials 
in developing high-energy ASLBs.[4]

Among various anode candidates, sil-
icon (Si), possessing an ultrahigh specific 
capacity of 3590 mAh g−1 at room tem-
perature (around ten times higher than 
graphite anode), is regarded as one of 

the most promising anode materials for LiBs.[5] The moderate 
working potential of 0.4 V (vs Li+/Li) enables the Si-based LiBs 
with low dendrite growth risk and high energy density.[5] Since 
2007, different types of Si, like the thin film Si[6] (<1  µm in 
thickness), nano-Si[7] (50–100  nm in diameter), and micro-Si[8]  
(1–5  µm in particle size), have been applied in ASLBs using 
polymers, oxides, and sulfides as SEs.[9] Specifically, the ASLBs 
using sulfide SEs deliver prominent performances, because 
sulfide SEs[10] own a remarkable ionic conductivity (>1 mS cm−1) 
at room temperature and intimate contact with electrode mate-
rials. However, a recent work[8b] reported that the sulfide SE 
shows instability in the Si anode during electrochemical reac-
tions, and the addition of carbon accelerates the decomposition 
of the sulfide SE, resulting in the increased impedance for ion/
electron conductions and corresponding battery performance 
decay. To circumvent this side reaction, Tan et  al.[8b] use pure 
micro-Si (1–5 µm) as the anode without adding SE and carbon 
in the anode. The full cell delivers outstanding cycling sta-
bility for 500 cycles with a capacity retention of 80% at the cur-
rent density of 5 mA cm−2.[8b] However, due to ≈300% volume 

The utilization of silicon anodes in all-solid-state lithium batteries provides 
good prospects for facilitating high energy density. However, the compat-
ibility of sulfide solid-state electrolytes (SEs) with Si and carbon is often 
questioned due to potential decomposition. Herein, operando X-ray absorp-
tion near-edge structure (XANES) spectroscopy, ex situ scanning electron 
microscopy (SEM), and ex situ X-ray nanotomography (XnT) are utilized 
to investigate the chemistry and structure evolution of nano-Si composite 
anodes. Results from XANES demonstrate a partial decomposition of SEs 
during the first lithiation stage, which is intensified by the presence of 
carbon. Nevertheless, the performances of first three cycles in Si–SE–C 
are stable, which proves that the generated media is ionically conductive. 
XnT and SEM results show that the addition of SEs and carbon improves 
the structural stability of the anode, with fewer pores and voids. A chemo-
elasto-plastic model reveals that SEs and carbon buffer the volume expan-
sion of Si, thus enhancing mechanical stability. The balance between the 
pros and cons of SEs and carbon in enhancing reaction kinetics and struc-
tural stability enables the Si composite anode to demonstrate the highest Si 
utilization with higher specific capacities and a better rate than pure Si and 
Si composite anodes with only SEs.
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change occurring in the Si anode, micrometer-sized voids are  
observed in pure Si anode after delithiation, which brings a 
great risk of electrode delamination. In comparison, nano-Si 
(<100  nm) exhibits higher structural stability and fewer voids 
formation because the smaller size can potentially relieve the 
stresses. In our previous work, we reported that the ASLBs 
using a nano-Si-based composite anode deliver a long cycling 
life of 1000 cycles. No huge voids are observed, except for 
some vertically grown cracks.[11] Most reported nano-Si-based 
anodes[3a,7,8a,11,12] are composites with SE and carbon additives 
because nano-Si has low electronic conductivity and low ion 
diffusivity. Questions come on the nano-Si-based composite 
anode: what are the effects of adding SE and carbon to 1) the 
battery performance, 2) the (electro-)chemical stability of the 
sulfide SE, and 3) the electrode structure evolution?

To answer these questions, herein, we systematically ana-
lyzed the chemistry and structure evolution of nano-Si-based 
composite anodes via operando synchrotron X-ray absorption 
near-edge structure (XANES) spectroscopy and ex situ scanning 
electron microscopy (SEM) combined with ex situ X-ray nanoto-
mography (XnT). We investigated three kinds of nano-Si-based 
anodes: pure nano-Si, nano-Si compositing with SE (Si-SE), and 
nano-Si compositing with SE and carbon (Si–SE–C). XANES 
is highly sensitive to the chemical state of the sulfur (S) ele-
ment in the sulfide SE, which can be used for real-time moni-
toring of the stability of the SE during the test. The morphology 
evolutions of the nano-Si-based anodes are detected with the 
SEM. The XnT provides more detailed morphology informa-
tion and pore distributions in a 3D view. A chemo-elasto-plastic 

modeling has been constructed in order to gain deeper insights 
for the mechanical behavior of the three electrodes. In the end, 
the battery performances of the three anodes are compared to 
provide more evidence for the pros and cons of compositing Si 
with SE and carbon.

2. Results and Discussion

Volume expansion and low conductivity are two major chal-
lenges with Si-based anode. Si is known as a semiconductor 
with electronic conductivity of 10−5 S cm−1.[13] Meanwhile, the 
ion diffusivity in the Si is in the range of 10−16 to 10−8 cm2 s−1.[14]  
Thus, a general consideration is adding carbon and SEs to 
promote both electron and ion conductions. However, as 
aforementioned, sulfide SEs are nonstable at the anode and 
the carbon can accelerate their decomposition.[8b] Therefore, 
it is significant to have a fundamental evaluation of the pros 
and cons of compositing Si with carbon and SEs. This work 
specifically investigated the effects of adding sulfide SE and 
carbon additives into the nano-Si-based anode, in terms of the 
reaction kinetics and stability in ASLBs, to further pave the 
way for the practice application of the ASLBs based on nano-Si 
anode.

As illustrated in Figure 1, three kinds of anodes based on 
nano-Si are designed in this work, and the effects of adding SE 
and carbon on the chemical and structural evolutions are inves-
tigated. In Si–SE–C (Figure  1a), three components are chemi-
cally stable before the battery test. The carbon and SE build the 

Figure 1. Schematic illustrating the chemistry and structure evolution of a) Si–SE–C, b) Si–SE, and c) Si anodes in ASLBs.
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electron and ion conduction pathways in the composite anode 
separately, which enable good electron and ion accessibility to 
the Si anode. The SE investigated here is Li5.4PS4.4Cl1.6, a typical 
argyrodite sulfide electrolyte (Figure S1, Supporting Informa-
tion) owning a high ionic conductivity of ≈8 mS cm−1. The nano-
Si exhibits a high crystallinity (Figure S2, Supporting Infor-
mation). During the lithiation process, the Si transforms into 
LixSi and undergoes an amorphization. At the same time, the 
SE, besides the Si and carbon, are electrochemically reduced, 
accompanied by the formation of the newborn interface layer. 
Theoretically, the final decomposition products are Li2S, Li3P, 
and LiCl,[15] which form a passivation layer at the interface. 
This layer causes an impedance for ion and electron conduc-
tion; despite this, it suppresses the following degradation of the 
SE. After delithation, the crystalline Si becomes amorphous. 
The existence of SE and carbon enables an integrated electrode 
with less void formation. In comparison, the Si–SE experi-
ences different processes, as illustrated in Figure 1b. The only 
electron conduction in the Si–SE anode is along the Si itself. 
Considering the surface of Si is generally covered by a thin 
layer of SiO2 with low electronic conductivity of 10−12 S cm−1,  

the electron conduction in the Si–SE is relatively sluggish. 
Therefore, the electrochemical degradation of the SE is relieved. 
Similarly, Si undergoes amorphization after the delithiation. 
Due to the huge volume change, there are voids generated in 
the Si–SE anode. In contrast to the chemistry change in the 
composite anodes, the Si anode has good chemical stability 
during the lithiation and delithiation, as illustrated in Figure 1c. 
As the only phase, the electron conduction and ion diffusion 
all depend on the Si, which are lower than the conduction and 
diffusion along carbon and SE. In consequence, the reaction 
kinetic is limited. Meanwhile, the total anode experiences a 
huge volume change since no buffer components. After the full 
delithiation, there are many voids formed in the Si anode. The 
sluggish reaction kinetic and unstable structure challenges the 
nano-Si utilization and cycling stability.

Operando XANES was employed to evaluate the (electro-)
chemical stability of the SE in the two Si composite anodes. 
Figure 2a illustrates the ASLBs under the XANES test in the 
fluorescence mode. We designed a special cell in which the 
cross-section is exposed to X-ray radiation. Constructed from a 
polyether ether ketone (PEEK) material, the cell consisted of a Si 

Figure 2. Operando investigating the chemical stability of SE in Si composite anodes. a) Schematic of the operando XANES. The sulfur K-edge XANES 
spectra of b) Si–SE–C composite anode at different SoC and DoD in the first two cycles, and c) Si–SE composite anode at different lithiation/delithi-
ation states in the first cycle.
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composite, SE, and a LiNi0.8Mn0.1Co0.1O2 (NMC)-based cathode 
sandwiched between two stainless steel rods. The cross-section 
was sealed with a Mylar film, and an external framework was 
used to apply the required pressure. The tender X-ray excited 
the inner shell electron to empty or partially filled electronic 
states, and the detected fluorescence signals revealed the chem-
ical state of the element. Here we evaluated the stability of the 
SE in Si–SE–C and Si–SE composites by observing the sulfur 
K-edge spectra evolution at different states of charge (SoC) and 
depth of discharge (DoD) during the galvanostatic charge–dis-
charge processes (Figure S3, Supporting Information). Table S1 
of the Supporting Information lists the calculated stoichiometry 
of LixSi in the two composite anodes according to the capacity.

Figure  2b displays the sulfur K-edge XANES spectra of the 
Si–SE–C composite at different SoC and DoD during the first 
two cycles. An X-ray fluorescence (XRF) mapping was con-
ducted first to confirm the region of interest containing Si 
(Figure S4, Supporting Information). Before the battery test, 
the spectrum of Si–SE–C showed features at 2472.2, 2473.7, and 
2477.7  eV, which were all assigned to the SE, Li5.4PS4.4Cl1.6. As 
the gradual lithiation of Si, the peak intensity changed corre-
spondingly: the peak at 2472.2 gradually faded, while the peak 
at 2473.7 gradually rose and dominated at the highest lithia-
tion state. The spectrum change suggests that the structure 
of the SE changed during the Si lithiation process. Theoreti-
cally, the final products of the degraded SE are Li2S, Li3P, and 
LiCl.[16] In our results, it does not fit the Li2S well, especially in 
the main peak intensity (Figure S5, Supporting Information), 
which is attributed to the self-absorption issue in the XANES 
test and the existence of unreacted SE. In our previous work,[11]  
the product was identified as Li2S through X-ray photoelectron 
spectroscopy. During the delithiation of Si, the XANES spectra 
show no obvious change even at the highest delithiation state, 
evidencing the irreversible decomposition of the SE is passi-
vated by the decomposition products, i.e., Li2S, Li3P, and LiCl. 
In the second cycle, the spectra show no obvious change during 
total lithiation and delithiation processes, which suggests that 
the SE decomposition mainly occurs in the first cycle and the 
mixture of SE and Li2S maintains long-term chemistry stability. 
After the battery test, we measured the sulfur K-edge XANES 
spectra at other positions and found many unreacted SE  
(Figure S6, Supporting Information), which demonstrates that 
only the SE attached to the Si and carbon has degradation.

The stability of the SE in the Si–SE composite anode was 
also investigated (Figure  2c). An XRF mapping was also con-
ducted to identify the region of interest including Si (Figure S7,  
Supporting Information). Before the battery test, the spectrum 
features agree with the pure SE, further evidencing the stability 
between the Si and SE. Then during the lithiation process, the 
peaks evolution is similar to that in the Si–SE–C composite, 
except the peak at 2472.2 eV does not disappear even at the full 
lithiation state. This suggests that the degradation of the SE in 
Si–SE is not as severe as in the Si–SE–C, contributing to the far 
lower electron conduction in Si–SE than in Si–SE–C. During 
the delithiation process, all peaks maintain no change, proving 
the decomposition of the SE is irreversible and the decomposed 
products are relatively stable.

A comparison of the ex situ P and Cl K-edge XANES spectra 
at different lithiation states was conducted, as illustrated in 

Figure S8 of the Supporting Information. The peak locations 
of Si–SE–C and Si–SE were similar, with only slight differences 
in intensity, demonstrating that the decomposition of SE in the 
composite sample had not been severe.

The cyclic voltammetry (CV) was conducted on the half cells 
of Si, Si–SE, and Si–SE-C using indium (In)–Li as a counter 
electrode to further evaluate the electrochemical stability of SE 
(Figure S9, Supporting Information). The dominant reduction 
peaks in all three electrodes were found to be the lithiation of 
Si starting from ≈0.25 V. Additionally, there are extra tiny reduc-
tion peaks in both Si–SE and Si–SE–C (Figure S9b, Supporting 
Information), which can be attributed to the decomposition of 
SE. The more distinctive peaks in Si–SE–C indicate that the 
decomposition of SE in Si–SE–C is more than in Si–SE, dem-
onstrating that the addition of carbon accelerates the decompo-
sition of SE. However, the negligible peak intensity (Figure S9a, 
Supporting Information) demonstrates that the decomposition 
of SE is not severe in both Si–SE and Si–SE–C. Furthermore, 
no extra oxidation peaks were observed during the delithiation 
process of Si, which is in agreement with the XANES result 
that the SE is stable during the oxidation process.

Given Si undergoes huge volume change during lithiation 
and delithiation, the battery performance also highly depends 
on the electrode structure stability, which was investigated 
through ex situ SEM. All the lithiation and delithiation were 
processed in half cells, and then Si electrodes at the lowest  
(lithiation) and highest (delithiation) cutoff voltages were 
extracted for SEM observation. Both top view (Figures S10–S12,  
Supporting Information) and cross-section (Figure 3; Figure S13,  
Supporting Information) of the electrode layer were observed. 
Before the battery test, Si (Figure  3a), Si–SE (Figure  3d), and 
Si–SE–C (Figure 3g) electrodes all show a dense structure made 
of nanoparticles. Although a high pressure of 300  MPa was 
applied in the cell stacking process, the Si particle maintains 
the sphere morphology without pulverization (Figure S14, Sup-
porting Information). The SE shows a mud-like morphology 
(Figure S15, Supporting Information). The soft property of SE 
enables an intimate contact with Si nanoparticles. In compar-
ison to the Si, the surfaces of Si–SE and Si–SE–C electrodes are 
denser because of the dispersing of SE and SE–C into the Si 
particles. Noted some regions in Si–SE–C show different con-
trast (Figure S16, Supporting Information), which is caused by 
the aggregation of SE and C.

During lithiation, Li gradually alloys with Si forming LixSi, 
accompanied by a volume expansion. The nanoparticles in Si 
(Figure  3b), Si–SE (Figure  3e), and Si–SE–C (Figure  3h) elec-
trodes become mud-like amorphous morphology. This agrees 
with the reported process that Si becomes amorphous during 
lithiation.[5] Noted a high external pressure of 150  MPa was 
applied during the battery test. Because the amorphous LixSi 
owns lower mechanical strength than pure Si, the total elec-
trodes are densified by the deformation of LixSi under the 
external pressure and internal stresses from the volume expan-
sion. In the cross-section view (Figure S13b,e,h, Supporting 
Information), all electrodes maintain integrity without cracks 
and voids. From the top view, the Si anode (Figure S10h,  
Supporting Information) is made of large aggregations with 
small pores or gaps. The aggregations should be the LixSi 
(Figure S10k, Supporting Information). In comparison, there 
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are fewer pores or gaps between aggregations of multiple 
phases in both Si–SE (Figure S11h, Supporting Information) 
and Si–SE–C (Figure S12h, Supporting Information). Since 
Si–SE and Si–SE–C are composite anodes, the phases in Si–SE 
after lithiation should be SE and LixSi (Figure S11k, Supporting 
Information), and the phases in Si–SE–C after lithiation are SE, 
C, and LixSi (Figure S12k, Supporting Information). Moreover, 
the LixSi with varied lithiation status (x in LixSi) can behave in 
different phases in different contrasts in SEM images. Since 
SE and carbon show no volume change, this confinement in 
the composite anode can relieve the aggregation of LixSi during 
lithiation.

After delithiation, the dealloying from LixSi to Si causes huge 
volume shrinkage, which challenges the structure stability of 
the Si electrodes. Notably, vertically grown reticulate cracks are 
observed in all three electrodes in the top view (Figures S10c, 
S11c, and S12c, Supporting Information) and cross-section view 
(Figure S13c,f,i, Supporting Information). The vertical cracks 
are highly related to the volume shrinkage when applied axial 
pressure. These cracks challenge the integrity of the electrodes 
affecting the cycling stability. Besides the appearance of cracks, 
the microstructures of all three electrodes show great changes. 
In the Si anode (Figure  3c), there are plenty of newly gener-
ated pores with much larger size compared with the pores in 
the pristine state (Figure  3a). The newly generated pores also 
originate from the volume shrinkage during delithiation. These 
pores can block the ion/electron conduction causing sluggish 
kinetics and capacity loss. In Si–SE, there is a similar porous 
structure in the cross-section (Figure  3f). In the top view 

(Figure S11i, Supporting Information), there are two different 
morphologies: one shows a similar porous structure with the 
Si anode, and the other one has fewer pores. The confinement 
from the SE contributes to less pore generation. By contrast, 
Si–SE–C (Figure  3i) behaves in most stable structure. The  
Si–SE–C shows more homogeneous and denser morphology 
after delithiation than Si and Si–SE. It is because the SE and C 
particles dispersed in the aggregations of LixSi promote a uni-
form delithiation process and avoid the growth of large pores. 
For a summary, the confinement from the SE and carbon 
relieves the aggregation of Si during lithiation and then miti-
gates the pores generation during delithiation. Therefore, com-
positing Si with SE and carbon benefits the electrode structure 
stability with less pore generation and maintains good connec-
tions for charge transfer.

To further understand the effect of adding SE and carbon 
on structure, we utilized ex situ XnT to track the structure evo-
lution of all three Si anodes. In comparison to the SEM, XnT 
can reconstruct the 3D structure of the sample and identify 
phases in spatial resolution ideally up to 40  nm. The actual 
spatial resolution depends on the contrasts between different 
material phases that are related to the electron densities of the 
materials. In this experiment, we slightly defocused the X-ray 
microscope to introduce the propagation phase contrast. The 
single-distance Paganin phase retrieval algorithm was then 
used to reconstruct the morphological structure of the samples 
with enhanced contrast between different material phases.[17] 
This XnT experiment was conducted in the full-field X-ray 
Imaging beamline (FXI/18-ID) of National Synchrotron Light 

Figure 3. Structure evolution investigation through ex situ SEM. Cross-section SEM images of Si anode in a) pristine, b) lithiation, and c) delithia-
tion stages. Cross-section SEM images of Si–SE composite anode in d) pristine, e) lithiation, and f) delithiation stages. Cross-section SEM images of 
Si–SE–C composite anode in g) pristine, h) lithiation, and i) delithiation stages. The scale bar is 2.0 µm.
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Source II at Brookhaven National Lab.[18] To track the structure  
evolution, a 3D-cube in the size of 10*10*10 µm3 was applied to 
each reconstructed sample (Figure 4). The original images filled 
with grayscale are listed in Figure S17 of the Supporting Infor-
mation. According to the contrast differences corresponding to 
the X-ray attenuation, different phases in the cube are marked 
as different colors.

In the pristine Si anode (Figure 4a), there are only Si nano-
particles and pores in the cube. The regions with lower X-ray 
attenuation represent the pores in the samples and are labeled 
with yellow color. Similar to the SEM, the pristine Si anode 
shows a highly porous structure with a calculated porosity of 
26.17%. These pores are the voids among Si nanoparticles. 
Then the structure changed a lot after lithiation (Figure 4b). The 
total electrode becomes denser with fewer pores observed. The 
Si nanoparticles are replaced with an amorphous matrix, i.e., 
LixSi, with a larger size. The calculated porosity greatly reduces 
to 6.24%, which results from the volume expansion and densi-
fication of the LixSi under high stacking pressure during lithi-
ation. In comparison, the porosity increases to 15.99% again 
after the full delithiation, deriving from the removal of Li from 
LixSi (Figure 4c). The porosity is a little lower than that in pris-
tine Si anode because there is more Si compressed in the cube 
due to the deformation. However, unlike the homogeneously 

distributed pores in size of several nanometers, there are some 
pores as large as micrometers randomly distributed in the del-
ithiated Si anode. These pores are the result of the huge volume 
expansion/shrinkage of Si during alloy/dealloy processes sug-
gesting the Si anode owns an unstable structure.

In the pristine Si–SE sample (Figure  4d), there are Si, SE, 
and pores in the cube. Since the electron density of Si is close 
to the P, S, and Cl in the SE, the contrast between Si and SE 
is very low. Thus, Si and SE are considered to an integrity at 
the pristine state. Meanwhile, the pores are still easily distin-
guished, which are marked with yellow color. The calculated 
porosity is 17.38%, lower than the pristine Si anode, suggesting 
that the addition of SE filled some pores among Si nanopar-
ticles. After lithiation, the composition in the Si–SE is more 
complex (Figure 4e). As shown in Figure S17e of the Supporting 
Information, there are some regions with darker gray color 
than the main matrix but not as dark as the pore regions. Con-
sidering the lithiation of Si reduces the average electron density 
in the same subvolume, these regions are mainly assigned to 
the LixSi with a higher lithiation degree. Meanwhile, due to the 
low attenuation in LixSi, the pores in the LixSi are not detect-
able. Therefore, the pores in the LixSi are combined into LixSi, 
which both are marked with the cyan color. The fraction of the 
highly lithiated LixSi is less than the LixSi with less lithiation 

Figure 4. Structure evolution investigation through ex situ XnT. Reconstructed 3D structure of Si anode in a) pristine, b) lithiation, and c) delithiation 
stages. Reconstructed 3D structure of Si–SE composite anode in d) pristine, e) lithiation, and f) delithiation stages. Reconstructed 3D structure of 
Si–SE–C composite anode in g) pristine, h) lithiation, and i) delithiation stages. The cube size is 10*10*10 µm3, and the scale bar is 5 µm.
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(the main matrix), which demonstrates the lithiation of Si is  
not homogeneous in Si–SE. By contrast, the matrix in the elec-
trode after delithiation is more homogeneous and no phase 
with high contrast were observed (Figure  4f). Meanwhile, there 
are more pores observed and some of them show aggregation 
in comparison to the pristine state. Nevertheless, no microscale 
pores are observed demonstrating considerable structure stability.

The Si–SE–C shows a different structure due to the complex 
composition (Figure  4g). Carbon is nearly X-ray transparent 
which shows a much deep gray color in the XnT. Meanwhile, 
since the less contrast, the pores in the carbon black are not 
detectable. Thus, the pores inside the carbon are combined 
into the carbon fraction which is marked with orange color. 
Similarly, Si and SE are considered to be integrity. There are 
carbon aggregations in the Si–SE–C electrode and most pores 
are also gathered at those regions. However, after lithiation, 
there are more regions with darker gray colors, and they take a 
large fraction of the electrode (Figure S17, Supporting Informa-
tion). Except for the carbon aggregations, the increased region 
with low attenuation can be attributed to the highly lithiated 
LixSi within pores. Therefore, the carbon and highly lithiated 
LixSi within pores are combined and marked with red color 
in Figure  4h. The highly lithiated LixSi takes a large fraction 
of the LixSi and the distribution is more uniform, proving the 
lithiation of the Si–SE–C anode is deeper in comparison to the  
Si–SE anode. After delithation, the total electrode becomes very 
homogenous (Figure 4i). The pore size is much smaller than that 
in delithiated Si anode. Meanwhile, there are less pore aggrega-
tions in comparison to the Si–SE anode. Therefore, the addition 
of SE–C can benefit the structural stability of the Si anode.

The electrochemical performances of the Si–SE–C, Si–SE, and Si 
are investigated in half cells. The mass loading of Si is 1.42 mg cm−2  
in all electrodes. Figure 5a displays the galvanostatic charge 
and discharge profiles of all three electrodes in the initial cycle 
at the current density of 0.1 mA cm−2. The Si–SE–C delivers the 
highest discharge/charge specific capacities of 3288/2917 mAh g−1  
with an initial coulombic efficiency (ICE) of 88.7%. In compar-
ison, the Si–SE contributes to relatively lower discharge/charge 
specific capacities of 2653/2291 mAh g−1 with similar ICE of 
86.4%. Si anode shows the lowest discharge/charge specific 
capacities of 2353/1935 mAh g−1 with ICE of 82.2%. The highest 
capacities and ICE in the Si–SE–C anode demonstrates that com-
positing Si with SE and carbon benefits the best Si utilization. 
Figure  5b magnifies the charge/discharge profiles in the initial 
lithiation process. There is an obvious lithiation overpotential in 
pure Si electrode, while Si–SE–C and Si–SE directly behave flat 
lithiation plateaus. This overpotential is mainly caused by the 
sluggish ion diffusion and electron transfer in Si. Meanwhile, 
there are voltage slopes before the lithiation plateaus in Si–SE–C 
and Si–SE. One viewpoint is this slope is caused by the decom-
position of the SE at higher potentials. Another reason is the 
enhanced reaction kinetics in composite anodes.

Electrochemical impedance spectroscopy (EIS) was utilized 
to evaluate the stability of the three electrodes at different lithia-
tion states. Before the battery test, the Nyquist plots in all three 
cells show incomplete semicircles followed by the Warburg tails 
(Figure S18, Supporting Information). The interception rep-
resents the total resistance. Si–SE–C owns the lowest imped-
ance, Si is higher, and Si–SE shows the highest impedance.  

The Si–SE–C has the smallest total resistance due to the combi-
nation of carbon and SE, whereas Si–SE has a greater resistance 
than Si since SE has a much lower electrical conductivity than 
Si. Figure 5c illustrates the Nyquist plots of three cells at a com-
pletely lithiated state, along with the corresponding LR1(Q2R2)
(Q3R3)Q4 fitted profiles, as indicated in the inset. All three cells 
show a depressed semicircle at high and mid frequencies and 
a Warburg tail at low frequencies. The semicircle at mid fre-
quency is attributed to the combined interface resistances at the 
Si/SE and In–Li/SE, represented as R3. Since grain boundaries 
are inevitable in cold-pressed electrodes, the depressed semi-
circle at high frequency is considered as grain boundary resist-
ance, R2. L represents the inductance in the test. R1 means the 
total resistance in the cell. Constant phase elements (CPEs, Q) 
are used for fitting. Figure  5d compares the fitted resistances 
of three electrodes after lithiation. Si shows the lowest inter-
face resistance (7.1 Ω), Si–SE–C is higher (16.0 Ω), and Si–SE 
shows the highest value (31.2 Ω). Overall, the resistances in all 
three cells are low, demonstrating that the decomposition of 
SE has ignorable effects on the interface resistance. Figure 5e 
shows Nyquist plots of the cells after delithiation. There are no 
obvious semicircles but replaced with a long tail in comparison 
to the lithiation states. The same equivalent circuit was used 
to fit the plots, and the results are shown in Figure 5f. Despite 
the minor evolution in R1 and R2, the interface resistance in 
Si and Si–SE rose to 485.6 and 496.1 Ω, respectively. By con-
trast, the R3 in Si–SE–C maintains a low value (11.9 Ω). Con-
sidering there are numerous pores and voids in both Si and SE 
after delithiation as shown in Figures 3 and 4 and Figures S8 
and S11 (Supporting Information), the dramatically increased 
R3 can be attributed to the structural instability during the del-
ithiation process. The low impedance in Si–SE–C is the result 
of the stable structure. It is evident that structural stability is 
essential for Si anode, and the incorporation of SE and carbon 
can improve its stability, especially under lithiation processes.

Figure 5g compares the cycling performance of three anodes 
at the current density of 0.5  mA cm−2, while the initial three 
cycles are measured at 0.2 mA cm−2. Overall, all three anodes 
show a gradual decay performance which is mainly attrib-
uted to the unstable structure. However, Si–SE–C exhibits the 
highest capacity. The Si–SE–C delivers the highest discharge/
charge capacities of 2775/2398 mAh g−1 at 0.2 mA cm−2. When 
cycled at 0.5  mA cm−2, high discharge/charge capacities of 
2037/1985 mAh g−1 are achieved. After 50 cycles, the capacity 
gradually decays to 1137/1136 mAh g−1. At the same time, dis-
charge/charge capacities of Si–SE reach 1546/1468 mAh g−1 ini-
tially and drop to 974/940 mAh g−1. In comparison, the Si shows 
the lowest discharge/charge capacities of 1003/946 mAh g−1  
which decreases to 594/593 mAh g−1 after cycling. The higher 
capacities in Si–SE–C are attributed to the enhanced reaction 
kinetics in comparison to Si and Si–SE.

The electrochemical performances of the three anodes in 
full cells are also investigated. The mass loading of NMC is 
14.88  mg cm−2 with an N/P ratio of ≈1.34. Figure  5h displays 
the rate performance of the three cells, where the 1 C equals 
200 mA g−1 based on the mass of NMC. When cycled at C/20, 
C/10, C/5, C/2, and 1C, the Si–SE–C cell delivers the highest 
average discharge capacities of 134, 117, 98, 68, and 45 mAh g−1.  
In comparison, the Si–SE cell contributes lower average  
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Figure 5. Electrochemical performance comparison. a) Galvanostatic charge and discharge profiles of Si–SE–C, Si–SE, and Si anodes in half cells in 
the initial cycle at the current density of 0.1 mA cm−2. b) Zoom-in charge and discharge profiles in (a) to show the overpotential. c) Nyquist plots of 
three anodes after lithiation and the fitted plots. The inset is the equivalent circuit for fitting. d) Summary of the fitted results in (c). e) Nyquist plots 
of three anodes after delithiation and the fitted plots. The inset is the equivalent circuit for fitting. f) Summary of the fitted results in (e). f) Cycling 
performance comparison at the current density of 0.5 mA cm−2. g) Rate performance comparison in the full cell. Galvanostatic charge and discharge 
profiles of the full cells using h) Si–SE–C, i) Si–SE, and j) Si anodes in the rate tests.
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capacities of 118, 101, 81, 53, and 32 mAh g−1, and the Si cell 
shows the lowest average capacities of 113, 94, 74, 49, and  
29 mAh g−1 when cycled at same rates. This demonstrates that 
the addition of SE and carbon can boost the electrochemical 
performance of the Si anode, which benefits from the enhanced 
reaction kinetics and improved structural stability aforemen-
tioned. Figure 5i–k display the charge and discharge profiles of 
the three cells at different rates. Interestingly, the Si–SE–C cell 
delivers the highest initial coulombic efficiency of 74.0%, while 
the values in Si–SE and Si cells are 71.2% and 68.9%, respec-
tively. Meanwhile, the Si–SE–C cell even shows the best stability 
in first three cycles (Figure S19, Supporting Information). These 
results indicate that the decomposition of SE has a negligible 
effect on the Si anode, with structure stability being a more sig-
nificant factor.

To better understand the mechanical integrity of three dif-
ferent types of anode materials during lithiation and delithia-
tion processes, a chemo-elasto-plastic model is developed.[19] 
The mathematical model is implemented into an open-source, 
parallel finite-element tool multiphysics object oriented simu-
lation environment (MOOSE).[20] As Si experiences ≈300% 
volume expansion measured in lattice parameters,[21] a large 
deformation theory is utilized to investigate the chemomechan-
ical behavior of various anode materials. For the kinematics, the 
deformation gradient can be multiplicatively decomposed as  
F  = Fe FpFθ in which Fe denotes the elastic deformation, Fp is 
the plastic deformation, and Fθ denotes the lithiation/delithi-
ation induced deformation. The permanent plastic deforma-
tion of anode materials is captured using a rate independent 
J2 plasticity model with linear strain hardening behavior. It is 
assumed that the lithium concentration evolution is governed 
by Fick's law (where the flux is driven by lithium concentra-
tion gradients). For different chemical, elastic, and plastic mate-
rial properties used in the simulation, one can refer for more 
details.[22] We employed the rule of the mixture to estimate the 
chemical and mechanical properties of composite anodes (i.e., 
Si–SE and Si–SE–C) for simplicity.[23] As schematic illustration 
of the boundary conditions to perform the simulations is pro-
vided in Figure S20 of the Supporting Information.
Figures 6 and  7 compare the chemomechanical behavior 

and evolution of volume expansion/contraction along with 
average effective plastic strain, respectively, for Si, Si–SE, and 
Si–SE–C anode materials at the end of the lithiation and del-
ithiation stages. Figure  6a,e,i show the pristine reconstructed 
microstructure for Si, Si–SE, and Si–SE–C anode materials. 
Figure 6b,f,j clearly depicts the complete insertion and extrac-
tion of lithium species from the host lattice. Figure  6c,d 
illustrates the large effective plastic strain and higher von 
Mises stresses for the silicon anode due to mechanically con-
strained colossal volume expansion and contraction (as shown 
in Figure  7) during the electrochemical cycle. However, the 
Si–SE anode composite experiences lesser plastic deforma-
tion and von Mises stress evolution (Figure 6g,h). SE is much 
more pliable than Si, thus acting as a mechanical cushion 
which helps to reduce the stress generated in the Si compo-
nent. Moreover, the Si–SE–C demonstrates significantly lower 
plastic deformation and von Mises stress generation because 
of the meager constrained volume expansion and contraction 

(Figure  6k,l). It is because SE and C are much less stiff con-
trasted to Si and act as stress relaxation mediums within the 
Si–SE–C composite anode. Other than that, the elastic expan-
sion/contraction of SE and C prior to the beginning of plastic 
deformation is much more significant than Si. Figure  7 also 
displays that due to the higher plastic deformation, the Si has 
not returned to the original DV/V0 = 0 ratio at the end of del-
ithiation process. However, Si–SE–C has attained the original 
volume ratio of DV/V0  = 0 because of the least amount of 
plastic deformation. Such a mechanism may explain the con-
siderable porosity change reported by experimental analysis for 
the Si anode (from porosity of ≈27% for pristine to ≈6% at the 
lithiation stage and ≈15% at delithiation stage) in comparison 
to the Si–SE and Si–SE–C anode composites. Additionally, the 
higher von Mises stress generation observed within different 
anode materials at the end of delithiation stage in contrast to 
lithiation stage is due to the development of large plastic defor-
mation. It can also arise from the fact that during the lithia-
tion, the diffusion-induced stress generation and applied stack 
pressure are in the opposite direction, which might reduce 
the overall elasto-plastic expansion. Nevertheless, the direc-
tion of diffusion-induced stress generation and applied stack 
pressure are the same for the delithiation cycle, which can be 
responsible for higher plastic deformation and hence the von 
Mises stress generation. Finally, the results obtained from the 
above simulations explain that adding SE and C into Si can be 
a viable alternative for better mechanical stability of Si-based 
anode materials.

3. Conclusion

In conclusion, the electrochemical and mechanical evolu-
tions of nano-Si composite anodes in sulfide SE-based ASLBs 
are systematically investigated through operando synchrotron 
XANES, ex situ SEM, and ex situ synchrotron XnT. The oper-
ando XANES revealed that the sulfide SE experiences an elec-
trochemical decomposition in the Si anode, and the addition of 
carbon accelerates this process. This negligible electrochemical 
decomposition only occurs at the first lithiation process and the 
products are stable in the following cycles. The ex situ SEM and 
ex situ XnT evidence that the addition of SE and carbon in the 
Si anode benefits the mechanical structural stability. A chemo-
elasto-plastic model reveals that the addition of softer SE and 
carbon can relieve the diffusion-induced stresses contributing 
to better mechanical stability.

Owing to the enhanced reaction kinetics and mechanical 
structural stability, the Si–SE–C achieved the highest Si utiliza-
tion, with a lithiation/delithiation capacity of 3288/2917 mAh g−1  
and an initial coulombic efficiency of 88.7%, which are signifi-
cantly higher than the capacities of 2653/2291 mAh g−1 and ICE 
of 86.4% in Si–SE, and the capacities of 2353/1935 mAh g−1  
and ICE of 82.2% in Si. This work indicated that the addi-
tion of SE and carbon into nano-Si anode can enhance the 
reaction kinetics, improve the utilization of Si, and benefit 
the mechanical structure stability. Although the SE shows 
slight decomposition, the generated chemistry is ionically 
conductive and stable in the following cycles. This study is 
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concentrated on nano-Si, and it should be taken into con-
sideration that the charge transfer, reaction kinetics, and  
stability of micro-Si will be distinct from nano-Si, thus neces-
sitating individual studies.

4. Experimental Section
Material Preparation: The argyrodite Li5.4PS4.4Cl1.6  was synthesized 

based on the previous work.[24] Briefly, Li2S (Sigma-Aldrich, 99.98%), 
P2S5 (Sigma-Aldrich, 99%), and LiCl (Sigma-Aldrich, 99%) were 

Figure 6. Structure evolution investigation using a chemo-elasto-plastic modeling framework for large deformation. Reconstructed 3D microstructure 
of pristine a) Si, e) Si–SE, and i) Si–SE–C anode materials. For three types of anode materials b,f,j) lithium concentration, c,g,k) effective plastic strain, 
and d,h,l) von Mises stresses at the end of lithiation and delithiation stages.
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stoichiometrically mixed through a ball milling for 10  h at 500  rpm.  
After that, the mixture was annealed at 510 °C for 2 h.

Si composite anodes were prepared by ball milling method. For 
the Si–SE–C, the 180  mg Si powder (Nanostructured and Amorphous 
Materials, Inc.), 90  mg of Li5.4PS4.4Cl1.6, and 30  mg of carbon black 
(acetylene, 99.9+%, Fisher Scientific) were mixed through ball milling 
for 5 h at 400  rpm under argon atmosphere. For the Si–SE, 210 mg of 
Si powder and 90  mg of Li5.4PS4.4Cl1.6 were mixed through the same 
method.

The Li2SiOx-coated single-crystal NMC was prepared by the wet-
chemical method as in the previous work.[11] Tetraethyl orthosilicate 
(Sigma-Aldrich, ≥99.0%), lithium (Li, Sigma-Aldrich, 99.9%), anhydrous 
ethanol (Sigma-Aldrich), and single-crystal NMC 811 (Nanoramic Inc.) 
were utilized. The NMC cathode material was prepared by mixing 
150 mg of Li2SiOx-coated single-crystal NMC with 50 mg Li5.4PS4.4Cl1.6 by 
grinding for 10 min.

Battery Assembling and Electrochemical Characterization: ASLBs were 
fabricated by a cold pressing method inside the glovebox. To fabricate 
the Si half cells, 150  mg of Li5.4PS4.4Cl1.6 was pressed in PEEK die with 
a diameter of 12.7  mm under the pressure of 300  MPa. Then different 
amounts of the anode material (3.0 mg of Si–SE–C, 2.6 mg of Si–SE, or 
1.8 mg of Si) were cast on one side of the Li5.4PS4.4Cl1.6. A piece of In–Li 
was placed on the other side. The copper foil was used as the current 
collector for both sides. The cell was further pelletized at 150  MPa by 
two stainless steel plugs in a stainless-steel framework. The specific 
capacity was calculated based on the weight of Si. The NMC-Si full cells 
were assembled though the same method with Si half cells. Instead of 
In–Li, 25  mg of NMC cathode material was cast on the other side of 
SE with a piece of aluminum foil as the current collector. All cells were 
rested for 5 h before electrochemical tests. The galvanostatic charge and 
discharge tests were conducted at room temperature between 0 to 1.5 V 
(vs Li/Li+) for the Si half cell and between 2.4 and 4.2 V (vs Li/Li+) for the 
full cell. EIS was conducted on a Biologic SP150 potentiostat (Biologic, 
France). The measurement was carried out at frequencies from 1 MHz 
to 10 mHz with an AC amplitude of 10 mV. CV was carried out on MPG2 
potentiostat (Biologic, France) in the range of 0–1.5  V (vs Li+/Li) at a 
scan rate of 0.1 mV s−1.

The operando XANES was conducted in full cells based on Si–SE and 
Si–SE–C anodes separately. In detail, 60 mg of Li5.4PS4.4Cl1.6 was pressed 
into a pellet in a homemade cell under the pressure of 300 MPa. Then 
NMC cathode and anode powder were cast onto both sides severally. 
Then 150  MPa of pressure was applied by a framework. The mass 
loading of NMC and Si are 46.8 and 3.75 mg cm−2, separately. The cells 
are galvanostatic charged and discharged in the voltage range from  
2.4 to 4.2 V at the current rate of C/10. Here 1 C equals 200 mA g−1. The 

specific capacity was calculated based on the weight of NMC. The state 
(0%, 25%, 50%, 75%, 100%) was defined according to the SoC and DoD 
in the battery test.

Material Characterizations: The SEM images were conducted on 
a scanning electron microscope (S4800, Hitachi). The accelerating 
voltage was 3 kV with a work distance of 8 mm. The energy-dispersive 
X-ray spectroscopy mapping was carried out on the same equipment 
with an accelerating voltage of 15 kV and a working distance of 15 mm. 
XRD was measured on PANalytical/Philips X'Pert Pro (PANalytical, The 
Netherlands) with Cu Kα radiation.

XANES spectroscopy was conducted on the tender energy X-ray 
absorption spectroscopy (TES, 8-BM) beamline of the National 
Synchrotron Light Source II (NSLS-II) at Brookhaven National 
Laboratory. For the operando XANES spectra collection, a custom-
designed cell with a side window was fabricated as mentioned above. 
The Athena software package was utilized to process the data.[24]

The ex situ XnT was conducted on the full field X-ray imaging (FXI, 
18-ID) beamline of National Synchrotron Light Source II at Brookhaven 
National Laboratory. The XnT sample was sealed in the Kapton tube 
with a diameter of 1 mm in the argon atmosphere. A scientific package, 
TXM-Sandbox, was used to reconstruct and align the tomographic 
datasets.[26] ORS Dragonfly software was used to reconstruct the 3D 
images.

Microstructure Reconstruction: Microstructure samples cut from 
the segmented XnT images are converted to finite-element meshes 
(Figure S21, Supporting Information). Each voxel is converted to an 
8-node solid element. A structure connectivity analysis is conducted 
to identify and eliminate the disconnected solid elements that are 
“floating” in the 3D space. The volume fraction of the microstructure 
model is verified by dividing the number of solid elements by the total 
number of voxels of the corresponding image cube.

Governing Equations: A brief description of kinematics, constitutive 
relations, and governing equations is outlined here. For more detailed 
version, one can refer the work of Pal et al.[27] To account for the large 
deformation of silicon anode during the lithiation/delithiation reaction, 
the multiplicative decomposition of the total deformation gradient is 
defined as

FF FF FF FFe p= θ
 (1)

in which Fe, Fθ, and Fp are deformation gradients associated with the 
shape change due to the reversible elastic deformation, an insertion and 
extraction of lithium species, and an irreversible plastic deformation 
of underlying material, respectively. It is assumed that the lithiation-
induced deformation is dilatational and expressed as

FF II1 1/3cβ( )= +θ
 (2)

where β denotes the expansion coefficient, and I is the identity matrix. 
The spatial velocity gradient can be additively decomposed into three 
contributions as

LL LL LL LLe p= + +θ
 (3)

with = −�LL FF FFe e e
1, =θ θ θ

− −�LL FF FF FF FFe
1

e
1, and = θ θ

− − −�LL FF FF FF FF FF FFp e p p
1 1

e
1. The mass 

conservation of lithium is considered for solving the concentration of 
lithium species within electrode material as

JJ· 0t c in∂ + ∇ = Ω  (4)

in which J defines the diffusive flux of lithium. Initial and boundary 
conditions for the diffusion of lithium within the host lattice are 
described as follows

JJ nn0 ,and · on0 c pc t c on J J( )= = ∂Ω = ∂Ω  (5)

with c0 denotes the initial concentration, and Jp is the applied flux to the 
surface with normal n. For isotropic diffusion, the intercalating lithium 
flux in the electrode material is defined as

Figure 7. Volume expansion and contraction along with the volume 
average of effective plastic strain for different anode materials during the 
lithiation.
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JJ D c= − ∇  (6)

in which D denotes the diffusivity of lithium species within the electrode 
material. Moreover, to determine the deformed shape and stress 
generation during the lithiation and delithiation process, the balance of 
linear momentum (or mechanical equilibrium) is expressed as

PP PP FFSS· 0 in with∇ = Ω =  (7)

where P and S are the first and second Piola–Kirchhoff stress tensors. 
The boundary conditions for mechanical equilibrium are represented as 
Pn  =  t on ∂Ωt and u  = up  on ∂Ωu. In conjunction with intercalation/
deintercalation of lithium, an inelastic response of the electrode is 
assumed to obey the J2-flow rule. Accordingly, the plastic deformation 
gradient Lp is described as

� �FF FF NN NN
MM

withp p p
1

p pL
fλ= = = ∂

∂
−  (8)

in which, Np represents the direction of plastic flow, λ�  is the equivalent 
plastic rate, and M is the Mandel stress. In the above equation, the 
yield function f for linearly isotropic hardening case is considered and 
is expressed as

MM MM, 3
2

:p d d y pf Hσ ε σ ε( ) ( )= − +  (9)

with Md is the deviatoric part of the Mandel stress, σy is the yield 
strength, and H is the hardening modulus for the material.

Simulation Parameters: This section provides the mechanical and 
transport properties utilized to perform the simulations. The elastic 
modulus of the silicon was chosen to be concentration dependent 
with the value of Elithiated  =  12 GPa at the fully lithiated state and 
Edelithiated  =  160 GPa at completely delithiated state. Poisson’s ratio 
of lithiated and delithiated Si was taken as 0.28. The elastic modulus 
for SE and C was assumed to be 10  GPa and 12.8  MPa, respectively. 
Nonetheless, Poisson’s ratio for SE and C was considered 0.28. Both 
Si and SE were taken to be elasto-plastic type; however, C was assumed 
to exhibit only elastic deformation. Accordingly, the yield strength and 
hardening modulus of Si was chosen to be 1 and 5 GPa. Moreover, the 
SE was considered a perfectly plastic material with the yield strength of 
200 MPa. The expansion coefficient β for Si was calculated based on the 
400% volume expansion. Nevertheless, the volume expansion of SE and 
C materials was not considered. The diffusivity coefficient and maximum 
stoichiometric concentration of the Si were assumed to be 10−16 m−2 s−1 
and 365 100 mol m−3, respectively. Chemical and mechanical properties 
for both Si–SE and Si–SE–C composites were obtained using the volume 
fraction of individual components within anode materials. However, the 
SE and C were considered to be inactive for the diffusion phenomena for 
the sake of simplicity.
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