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Despite the high theoretical capacity, silicon (Si) anode suffers from dramatical capacity loss, due to its
massive volume swings (up to 300%) during cycling. Hence, thorough understanding of the structural
evolution mechanism is necessary and essential for performance optimization of Si anode. Herein, a
multi-scale three-dimensional (3D) image reconstruction technique is firstly applied to visualize the
structural evolution process of Si anodes. Three key components (Si particles, inactive components,
and voids) in the electrode are quantitatively analyzed by focused ion beam and scanning electron micro-
scope (FIB-SEM) technology. Furthermore, the average sizes of Si particles were run statistics during the
cycling. By combining the componential observation within the electrode (macroscopic information) and
the 3D models of the particle with solid electrolyte interphase (SEI) layer (microscopic information), the
failure mechanism of Si anode is vividly demonstrated. This work establishes a new methodology to
quantitatively analyze the structural and compositional evolution of Si anode, which could be further
applied for the studies of many other electrode materials with similar issues.

� 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The continuous increasing demand of high-energy-density
lithium-ion batteries (LIBs) has stimulated the development of
high-capacity electrode materials [1–4]. Among a variety of
promising candidates for anodes, silicon (Si) has drawn both aca-
demic and industrial interests due to its high theoretical specific
capacity (3579–4200 mAh g�1 for Li15Si4-Li4.4Si), low redox poten-
tial (�0.4 V vs. Li/Li+), abundant resources and environmental
benignity [5–7]. However, its large volume swing (�300%) upon
lithiation/delithiation process leads to the pulverization of active
materials and the continuous generation of unstable and thick
solid electrolyte interphase (SEI) layer [8,9]. This, in turn, results
in the electrode disintegration and rapid capacity fading.

It has been reported that the electrolyte additives are beneficial
to form a more stable SEI layer, improving the cycling stability of Si
anodes [10–12]. One of the most-investigated electrolyte additives
is fluoroethylene carbonate (FEC) because of its significant effect
on performance improvement of Si-based anodes, undergoing elec-
trochemical reduction between 1.0 and 1.4 V (vs. Li/Li+) [13,14]. It
has been widely used as commercial sacrificial electrolyte compo-
nents. In general, FEC can result in a SEI layer on Si anode with a
higher concentration of lithium carbonate (Li2CO3) and lithium flu-
oride (LiF), which provides both enhancedmechanical strength and
interfacial Li+ transfer [15–18]. In addition, the in-depth chemistry
and dynamic morphological structure of SEI with FEC additive in Si
anodes were studied by cryogenic electron microscopy and X-ray
photoemission electron microscopy [19,20]. It has been found that
FEC decomposes on the surface of Si particles, forming an organic
polymerized vinylene carbonate layer, which could provide a buf-
fer for the volume expansion of Si anodes.

The evolution of structural disintegration in electrodes is the
key aspect for capacity fading of Si anodes. However, X-ray com-
puted tomography allowing three-dimensional (3D) imaging of
the interior for electrodes has the limitation of complex mathemat-
ical inversion procedures and reconstruction artefacts [21,22].
Alternatively, the transmission electron microscope (TEM) 3D
reconstruction is more focused on particle analysis (nanoscale)
[23,24]. Hence, based on the generation and rapid development
of focused ion beam and scanning electron microscope (FIB-SEM)
analysis technology, it has become a powerful tool for probing
the structural evolution of macroscopic electrodes [25,26]. Impor-
tantly, FIB-SEM characterization technology is able to provide
more detailed microscopic morphology information (e.g., porosity
and particle size distribution), and chemical composition
uction,
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information when combined with energy dispersive spectroscopy
(EDS) [27–29].

Herein, we applied FIB-SEM as an experimental protocol to ana-
lyze the change of bulk phase structure in Si anodes during cycling.
Through the 3D image reconstruction technology, the dynamic
interplay of Si particles and inactive components is analyzed visu-
ally and quantitatively. The result shows that FEC additive helps to
reduce the pulverization of Si particles and the repeated formation
of SEI, maintain the integrity of conductive networks in the elec-
trode, thereby enhance the stability of Si anodes. By providing a
clearer picture of the structural evolution in Si anodes from the
perspective of electrode to particle, the proposed strategy might
be suitable for other electrode systems.
2. Experimental

2.1. Materials

Polyacrylic acid was purchased from Aladdin. Micro-sized Si
particles were kindly provided by Shanghai Shuitian Material
Science Co. Ltd., and the anode electrolyte was obtained from
DoDoChem. Freshly deionized water was used in experiments.

2.2. Preparation of electrodes

The Si anodes were made by a typical slurry casting method
with active materials (Si), conductive carbon (acetylene black),
and binder (polyacrylic acid) at a mass ratio of 6:2:2. The slurry
was casted onto a copper (Cu) foil current collector and dried at
50 �C for 1 h. The electrodes were further dried in a vacuum at
100 �C overnight and cut into disks with a diameter of 10 mm.
The typical mass loading of active materials on each electrode
was 0.6 ± 0.1 mg cm�2, and the negative electrode was a bare
lithium foil. The electrolyte was 1.2 mol L�1 LiPF6 in 1:1 (v:v) ethy-
lene carbonate/diethyl carbonate with 10 wt% FEC or without
10 wt% FEC and the separator was porous polypropylene films (Cel-
gard 2400).

2.3. Electrochemical measurements

The cycling tests were carried out using a Neware battery test
system within the voltage range of 0.01–1 V (vs. Li/Li+) for the half
cells. Cyclic voltammograms (CV) of the half cells were recorded at
a scan rate of 0.1 mV s�1. The electrochemical impedance spectra
(EIS) experiments were performed on an CHI604E electrochemical
station with a frequency range of 1 MHz to 0.1 Hz. Open-source
MATLAB script-based software was used to calculate distribution
of relaxation times (DRT) from the impedance data. Galvanostatic
intermittent titration technique (GITT) was carried out under the
current density of 0.05 C (1 C = 4200 mAh g�1). Before GITT test,
the battery had been cycled for 5 cycles. The pulse time and relax-
ation time were 10 and 30 min, respectively. Unless otherwise
specified, all electrochemical measurements were conducted at
room temperature in half cells.

2.4. Material characterizations

Field-emission scanning electron microscopy (ZEISS SUPRA� 55,
Carl Zeiss) was used to observe the top-view morphology of as-
prepared samples. Raman spectrometer (inVia Reflex) was used
to analyze the material structure on surface of Si anodes under
the argon atmosphere. The cross-section images of the electrodes
were obtained using focused ion beam (FEI, Scios) equipment.
The change in chemical state on the electrode surface was analyzed
by X-ray photoelectron spectra (XPS) (ESCALAB 250Xi). All the
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samples have been transferred in vacuum and the base pressure
of sample chamber was kept below 3.0 � 10�10 mbar during XPS
measurements. The conductivities of electrodes were measured
with a four-probe method, using Keithley 4200-SCS semiconductor
characterization system. The frozen section of sample was
obtained by (Leica CM1950) equipment which was coated in resin.

2.5. 3D FIB-SEM image reconstructions

A FIB-SEM (FEI Scios-ZEISS SUPRA� 55) is a dual beam setup
that combines an obliquely focused ion beam and a vertically
scanned electron beam in one system, where the ion beam is used
for milling and the electron beam is used for imaging. In order to
avoid charging during SEM imaging and to protect the sample from
ionic damage, the protective platinum layer (�0.5 lm) was coated
on the surface of sample, using an in-situ liquid metal organic ion
source (LMIS) deposition. The 30 kV Ga+ beam and 1 nA beam cur-
rent were used at normal incidence to locally cross-section the
indentation sites, and SEM images were taken of each sequential
2D slice at a tilt angle of 52� by T1 mode. The repetitive imaging
and slicing process were automatically controlled using Auto Slice
and View software (FEI, Scios), and the spacing between adjacent
2D slices was 50 nm. After collecting cross-sectional images of each
sample, alignment, segmentation, cropping, and labeling of 3D
reconstructions were performed by Avizo software. The dimen-
sions of the reconstruction model for Si anodes are x = 25 lm,
y = 12 lm, and z = 7.5 lm. Avizo was also used to quantify various
microstructural features of the 3D reconstruction of the sample
(the volume and surface area of each phase and porosity calcula-
tion). The Segmentation module was used to segment different
parts of the reconstruction model which was calculated by using
the Volume Fraction module subsequently. Multi-thresholding
segmentation is an alternative way of segmentation that may
require less manual interaction, but it typically requires the higher
quality images. Under favorable conditions, a satisfying segmenta-
tion can be achieved automatically based solely on the gray values
of the image data. This is done by classifying the voxels into fore-
ground and background voxels on the basis of their intensities or
voxel values to separate the object from the background. With this
procedure, each voxel value lower than the threshold is assigned to
Exterior and each voxel value greater than or equal to the thresh-
old is assigned to Inside. However, this may cause voxels to be
labeled that are not part of the object but have voxel values above
the threshold. Set the remove couch option to suppress it, which
assures that only the largest coherent area will be labeled as the
foreground (Inside) and all other voxels are assigned to the back-
ground (Exterior). As shown in the Fig. 1, the detailed image recon-
struction process is explained according to the operation
procedure.

Image collection. The T1 detector is primarily designed to collect
backscattered electrons and provides composite sample contrast.
And the contrast of backscattered electron imaging is caused by
the difference of atomic number, so the backscattered electron is
generally used to distinguish different phases. Therefore, the T1
mode was used for acquisition of electron beam images at the early
stage of this 3D reconstruction, the different components could be
identified and segmented according to image contrast.

Image data import. Firstly, a series of TIFF images obtained
according to the Auto Slice&View4 are imported, and the images
were set at 52� tilt (the angle between the FIB ion beam and the
focal plane). The voxel size was calculated according to the image
pixels and the horizonal field width (HFW) of the image (voxel
size = HFW/width pixel point), so as to determine the model size
of the Si anodes in Avizo.

Align slices. Since there is a 52� inclination between the sample
platform and the horizontal plane during ion beam milling, with



Fig. 1. The diagram about the process of image reconstruction for Si anodes.
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the depth of Z direction, the image imaged under the electron
beam will tilt upward, it is necessary to align the imported image
before image processing. According to the details of the images,
they were recognized and aligned.

Filter sandbox. Due to the uneven milling of ion beam, the cur-
tain effect appears in the images. The filter sandbox module pro-
vided by Avizo can effectively eliminate the curtain effect and
improve the sample image quality. In this experiment, FFT filter
mode was selected for image noise reduction.

Extract subvolume. Because of the large size range of original
images, which is not appropriate to the image construction of 3D
models, the volume of the intermediate region was extracted from
the Si anodes by extract subvolumemodule. For the convenience of
subsequent analysis and comparison, the dimensions of the recon-
struction model for Si anodes are x = 25 lm, y = 12 lm, z = 7.5 lm
uniformly.

Edit new label field. In order to characterize the spatial distribu-
tion of each component in the Si anodes clearly, edit new label field
module was used to characterize the whole model in blocks. In this
experiment, the model was divided into three parts, namely Si par-
ticles, inactive components, and voids, which is assigned red, blue,
and green, respectively. The segmentation module was used to
extract different components. The thresholding tool was used to
divide the components according to different image thresholds
on a large scale, and the details were refined by the brush tool.
3

Volume fraction. According to the three parts divided by the edit
new label field module, volume fraction, a calculation tool, can cal-
culate the volume fraction of each component.

Generate surface. This module can transform image data into
visual three-mode models.

Surface view. This module can show the whole 3D model and
the separate components clearly.

Particle fragment reconstruction. On the basis of electrode recon-
struction, the extract subvolume module was used to narrow the
range of interest to around particle, and then the segmentation
module in the edit new label field module was used to extract tar-
get particle. Based on the contrast of the image, the brush tool was
used to calibrate the boundary part.
3. Results and discussion

3.1. Electrochemical behavior of Si anodes

The galvanostatic cycling tests of Si anodes in 1.2 mol L–1 LiPF6
in 1:1 (v:v) EC/DEC with 10 wt% FEC (referred as Si-10% FEC) or
without FEC (referred as Si-0% FEC) are carried out to evaluate their
electrochemical performance. As shown in Fig. 2a and Fig. S1 (on-
line), Si-10% FEC exhibits an initial discharge capacity of 3821 mAh
g�1 which is higher than that of Si-0% FEC (3510 mAh g�1). The
extra capacity derives from the formation of SEI [17]. Additionally,
the Coulombic efficiency of Si-10% FEC anodes is much higher and
smoother during the continuous cycling process, which could be
ascribed to the formation of a relatively stable SEI layer. Under
0.2 C, the Si-10% FEC anodes achieved a specific capacity of 2312
mAh g�1 after 100 cycles, corresponding to a capacity retention
of 68.7%; by contrast, the capacity of Si-0% FEC anodes rapidly
faded to 1154 mAh g�1 after 100 cycles, which is only 40.1% of
the initial capacity. Such a difference in cycling stability is attribu-
ted to the formation of a relatively stable SEI layer in Si-10% FEC
anodes [19]. A close observation shows that the capacity decay of
Si-0% FEC anodes accelerated after about 30 cycles. Therefore, in
the subsequent image reconstruction study, the Si anodes after 1,
30, and 100 cycles were chosen as research objects to analyze
the structural evolution, respectively.

Moreover, the results of rate performance (Fig. S2 online) show
that Si-10% FEC anodes possess superior rate capability over Si-0%
FEC anodes. This result can be attributed to the higher Li+ diffusion
coefficient in Si-10% FEC than that in Si-0% FEC at different state of
charge (Fig. S3 online). Then, the initial cyclic voltammetry curves
of Si-10% FEC and Si-0% FEC anodes were compared in Fig. S4 (on-
line), where the reduction peak at �1 V corresponds to the decom-
position of FEC [13]. Consequently, a large amount of LiF was
generated on the surface of Si-10% FEC anodes after cycling as
demonstrated by the XPS (Fig. S5 online). In addition, the O 1s
spectra displays an obvious characteristic peak (lattice O) only
for the Si-0% FEC anodes at 529 eV, which can be explained by
the formation of Li2O and exposed Si particles with oxide layer
on the surface [30]. This result also agrees with the scanning elec-
tron microscope (SEM) images (Fig. S6 online), where the frag-
mented Si particles were scattered on the surface of the
electrode. In the contrary, a relatively homogeneous and stable
layer was formed on the surface of Si-10% FEC anodes and the dif-
ference became more evident after 100 cycles.

Next, combining the EIS and DRT profiles before cycling, FEC
additive is revealed that benefits to improve the Li/electrolyte
charge transfer (Fig. S7 online). As shown in Fig. 2b and c, the Li+

migration resistance (RSEI) and charge-transfer resistance (Rct) of
the Si-0% FEC anode increase significantly during cycling. The
internal resistances of the Si-10% FEC anode (2.3, 3.8, and 10.9 X
corresponding to 1st cycle, 30th cycle, and 100th cycle,



Fig. 2. The electrochemical behavior of different Si anodes. (a) Cycling performance and Coulombic efficiency of Si anodes with 10% FEC or without FEC (0% FEC) in the
electrolyte at a rate of 0.05 C for the first 5 cycles and 0.2 C for the subsequent cycles. Electrochemical impedance spectra (EIS) of Si-10% FEC anodes (b) or Si-0% FEC anodes (c)
after 1, 30, 100 cycles. Distribution of relaxation times (DRT) profiles of Si-10% FEC anodes (d) or Si-0% FEC anodes (e) after 1, 30, 100 cycles.
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respectively) are measured to be lower than those of the Si-0% FEC
anode (2.5, 8.1, and 17.5 X corresponding to 1st cycle, 30th cycle,
and 100th cycle, respectively). Different peaks in DRT profiles
could be clearly identified to present the electrochemical processes
in the cell and the impedance of various processes is quantified
based on the peaks [31,32]. The DRT profiles (Fig. 2d and e) also
exhibit an obvious characteristic peak (corresponding to SEI) for
the Si-0% FEC anodes from 10–4 to 10–2 s, which suggests that
the continuous formation of a thick SEI on the surface of Si parti-
cles through consuming the electrolyte; while such increase can
hardly be observed for Si-10% FEC [33–35]. Besides, very little dif-
ference can be observed from the EIS and DRT results of Si-10% FEC
anodes between 1st and 30th cycles, indicating a well-maintained
conductive network due to the highly stable electrode structure.

3.2. Reliability validation of image reconstruction

To reconstruct a 3D large-scale electrode internal model, auto-
slicing and cross-section reconstruction technique were employed
4

to sequentially slice electrodes under different cycling states (more
detail information in Experimental section). Before the FIB auto-
slicing process, a protective platinum layer (�0.5 lm) was coated
on the surface of Si anode to protect the sample from ionic damage.
Also, the beam current was set to 1 nA, which is available to obtain
a morphologically intact sample within a reasonable time. The
scanning zone of SEM was corrected automatically during FIB cut-
ting processes, by using Auto Slice and View software to recognize
the cross-correlation of features on the surfaces of the Si anodes.
The sequential two-dimensional (2D) slices of Si anodes under dif-
ferent electrochemical status were shown in Fig. S8 (online), where
Si particles can be clearly distinguished. Video S1 (online) demon-
strates a complete slicing process in the part of Si anodes. To pre-
clude the thermal effect of ion beam on Si anodes, we made a
comparison of the sample prepared by the 2D slice using FIB (1
nA) with that obtained from cryo-ultramicrotomy. As shown in
Fig. S9 (online), there was no significant difference between the
slice cut by FIB 1 nA ion beam and the mechanically sliced sample.
After collecting cross-sectional images of Si anodes by SEM,



Table 1
Volume percentage of each component in the reconstruction model and real anodes
before cycling.

Type
Volume percentage
(model)

Volume percentage
(reality)

Si particles 60.0% 60.0%
Inactive components 36.3% 40.0%
Voids 3.70% /

C. Zhu et al. Science Bulletin xxx (xxxx) xxx
alignment, segmentation, cropping, and labeling of 3D reconstruc-
tions were performed by Avizo software [36,37]. The interactive
multi-threshold segmentation was applied for consecutive images,
benefiting to the calculated microstructural parameters subse-
quently [38,39]. It is mainly based on the difference of image con-
trast to identify the components, which is further verified by EDS
analysis (Fig. S10 online). Observing the cross-sectional image,
except for the voids, the areas with relatively shallow contrast
are Si particles, while the darker areas are inactive components
(i.e., conducting agent, binder, and SEI). To test the reliability of
this method and reduce reconstruction errors, the componential
distribution of a pristine Si anode is quantitatively analyzed
(Fig. S11 (online) and Table 1). As a result, the percentage of each
component content calculated from the reconstruction model
coincides with the pristine electrode components, indicating high
credibility in identifying different components. Moreover, the high
resemblance of a remodeled pristine Si particle to a real one
(Fig. S12 online) strongly confirms the reliability of this method
in single-particle modeling.
3.3. Image reconstruction of Si anodes

As shown in Fig. 3, the 3D structure of Si anodes can be obtained
in Fig. S8 (online), where could be divided into Si particles (red),
Fig. 3. 3D image representation of Si anodes under different electrochemical status: i
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inactive components (blue), and voids (green). Comparing Fig. 3,
it can be seen that in a fixed space, higher volume percentage of
Si particles can be observed from the reconstructed models of Si-
10% FEC anodes. At the same time, more voids were generated in
the Si-0% FEC anodes which damage the integrity of conductive
networks. In this view, FEC additive helps to stabilize the structure
of Si electrode in the discharge/charge process. This finding is in
accordance with the cross-sectional thickness of Si electrodes
observed by SEM (Fig. S13 online). The thickness of pristine Si elec-
trode (11.7 lm) exhibits different degrees of expansion in 10% FEC
(16.4 lm) and 0% FEC (25.63 lm) electrolytes after 30 cycles. The
result manifests that the addition of FEC has a good inhibitory
effect on the volume expansion of Si electrodes. With such large
volume expansion, the active material content will be diluted
n the 10% FEC-containing electrolyte (up) and in the FEC-free electrolyte (down).



Fig. 4. 3D representation of the Si particles, inactive components, and voids using multi-threshold segmentation: in the 10% FEC-containing electrolyte (up) and in the FEC-
free electrolyte (down).
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within a fixed space. This finding explains the sharp capacity fad-
ing of FEC-free Si anodes: as the distance between active particles
increases, the limited amount of conductive agent in inactive com-
ponents is also diluted continuously, which is unable to provide an
effective conductive network, resulting in rapid capacity fading.
The Si-10% FEC anode also clearly exhibits a much lower areal
resistivity (6.06 X m) compared with the Si-0% FEC electrode
(18.18 X m) after 30 cycles, which could be attributed to the rela-
tive integrity of the conductive network (Fig. S14 online).

Additionally, the volume percentage of each component in Si
anodes is quantitatively measured (Fig. 3). After 1st cycle, the Si-
10% FEC anodes contain 55.3% active material of the total compo-
nents. In contrast, the content of the active material in Si-0% FEC
anodes rapidly faded to 42.3%. After 100 cycles, active material in
Si-10% FEC still takes up 17.2% of the electrode whereas only
6.1% of Si is remained in Si-0% FEC. The gradually increasing inac-
tive components in both electrodes suggest a thickening process of
the SEI layer on the surface of Si particles, which originates from
either electrolyte decomposition or the formation of electrochem-
ically inactive lithium silicate [40].

In order to observe the evolution of each component clearly,
they were extracted separately throughmulti-threshold segmenta-
6

tion technology from the models (Fig. 4). The particles in active
materials continuously disintegrated from micro-size to nano-
size and a part of fragmented Si nanoparticles are gradually
embedded and merged into the inactive components. From the
Raman spectroscopy (measured under argon atmosphere) of Si
anodes, it could be seen that the amorphous Si signal appears in
Si-0% FEC anodes after 100 cycles (Fig. S15 online). These results
further confirm that the SEI on Si-0% FEC anode fails to fully passi-
vate Si surface.

3.4. Image reconstruction of Si particles

Apart from the macroscopic structure evolution, the 3D struc-
ture of a single Si particle could also be obtained through the devel-
oped 3D image reconstruction technology (Fig. 5), where its bulk
(red) can be differentiated from its SEI (blue). Based on the differ-
ence in image contrast between Si particles and SEI, reconstruction
models are divided by the segmentation module (more details in
Experimental section). After the first cycle, a thin SEI layer was
generated around the Si particle. As cycling continues, a relatively
thick yet dense SEI was formed on the surface of Si-0% FEC particle
(Fig. 4), accompanied with rapid decay of capacity. Besides, Si par-



Fig. 5. 3D representation of Si particles and their SEI under different electrochemical status: in the 10% FEC-containing electrolyte (up) and in the FEC-free electrolyte (down).

Table 2
The measurement of Si particles size under different electrochemical status in the reconstruction models.

Average size (lm3) Pristine 1st cycle 30th cycle 100th cycle

Si-10% FEC 5.62 5.32 5.20 2.37
Si-0% FEC 5.11 3.51 0.84
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ticles gradually pulverized and lost their electrochemical activity
during the cycling. The fluctuant Coulombic efficiency during
sequential cycles also suggests that excess SEI was accumulated
on the surface of broken Si particles continuously until complete
pulverization (Fig. 2a). By contrast, with the help of FEC, the ‘‘ag-
ing” process of SEI can be suppressed. As displayed in Fig. 5, Si par-
ticle and SEI almost maintain their initial size and shape after 30
cycles in the Si-10% FEC anode. With long-term cycling, the thin
yet robust SEI grows slightly thicker, acting as a ‘‘protective shell”
and restrains the pulverization of Si particles.

Table 2 shows the statistical results of the average particles
sizes in different Si electrodes. It is obvious that the Si particles
continuously broken corresponding to the reduction of size. Addi-
tionally, the particles of Si-10% FEC anodes gradually pulverized
from 5.32 lm3 (corresponding to the 1st cycle) to 2.37 lm3 (corre-
sponding to the 100th cycle); while more drastic pulverization can
be observed in Si-0% FEC anodes (from 5.11 to 0.84 lm3). This fur-
ther illustrates that the existence of FEC is helpful to reduce the
pulverization of Si particles and form a stable SEI, which improves
the electrochemical performance of the anodes. Furthermore, Si
particles barely pulverized in the Si-10% FEC anode during 30
cycles. These results are in good accordance with the EIS and the
DRT profiles of Si-10% FEC anodes after 30 cycles (Fig. 2b and d),
7

manifesting the conductive network of the electrodes was not
damaged.
3.5. Effect of electrolyte additive FEC on structural evolution of Si
anodes

A combination of the above image reconstruction techniques
and EIS, SEM, XPS, EDS, Raman reveals a vivid landscape for the
interplay between Si particles and SEI during cycling (Fig. 6). With-
out FEC additive, drastic pulverization of Si particles is observed,
leading to electrode disintegration eventually. In addition, the
repeated SEI destruction and generation process on the surface of
pulverized Si particles cause continuous accumulation of SEI,
blocking the charge transfer pathways. Whereas in the presence
of FEC, both the integrity of electrode and the average size of Si
particles are better retained after cycling, indicating mitigated
SEI growth and particle pulverization. In this view, inert LiF is help-
ful to construct a thin and robust SEI [41,42]. Under the promotion
of FEC sacrificial additive, it is easier to construct a LiF-rich SEI
which contributes to maintaining a dynamic equilibrium between
active materials and SEI, improving the electrochemical perfor-
mance of Si anodes.



Fig. 6. Schematic diagram of structural evolution in Si anodes with and without FEC additive.
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4. Conclusion

In this study, through combining the multi-scale 3D image
reconstruction technique and various structure/composition char-
acterization methods, the structural evolution in Si anodes was dis-
sected. The 3D-modeled structural evolution of both Si electrodes
and single Si particles were reconstructed by sequential slicing,
which enables us to visually and quantitatively identify the
dynamic change of active materials, inactive components (e.g.,
SEI), and voids. From the 3D reconstruction, volume fraction of
electrode components and statistical average particles sizes were
quantified. It has been revealed that the formation of a stable SEI
during early stage of cycling could effectively suppress free volume
expansion and particle pulverization in Si anodes, improving the
cycle life. Moreover, the methodology presented in this study not
only establishes a correlation between the structural evolution of
Si anodes and the corresponding electrochemical performance,
but also provides a fresh perspective for accurate evaluation of var-
ious electrode systems with similar volume expansion during
charge/discharge processes (e.g., tin, bismuth).
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