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The pulverization of silicon (Si) anode materials is recognized as a major cause
of their poor cycling performance, yet a mechanistic understanding of this
degradation from a full cell perspective remains elusive. Here, we identify an
overlooked contributor to Si anode failure: mechanical shutdown of separa-
tors. Through mechano-structural characterization of Si full cells, combined
with digital-twin simulation, we demonstrate that the volume expansion of Si
exerts localized compressive stress on commercial polyethylene separators,
leading to pore collapse. This structural disruption impairs ion transport
across the separator, exacerbating redox nonuniformity and Si pulverization.
Compression simulation reveals that a Young’s modulus greater than 1 GPa is
required for separators to withstand the volume expansion of Si. To fulfill this
requirement, we design a high modulus separator, enabling a high-areal-
capacity pouch-type Si full cell to retain 88% capacity after 400 cycles at a fast

charge rate of 4.5mAcm™.

Si, with its high theoretical specific capacity of 3592 mAh g™, outper-
forms graphite, the currently prevalent anode material of lithium (Li)-
ion batteries, promising a substantial leap in cell energy densities and
the resulting range and efficiency of electric vehicles and the capacity
of portable electronics'>. This potential of Si has catalyzed a surge in
research and development efforts aimed at overcoming the intrinsic
challenges hindering the utilization of its full capabilities in practical
battery applications.

The main challenge to the use of Si as a mainstream anode
material lies in its considerable volume expansion—up to 300%-during
lithiation*. This expansion and the subsequent contraction during
delithiation exert immense mechanical stress on the Si particles,
leading to pulverization and loss of electrical connectivity in the Si
anode. Moreover, this unwanted volume change destabilizes the solid
electrolyte interphase (SEI) layers formed on Si. The repeated breaking
and reforming of the SEI layers continuously consume electrolytes,
further degrading cycling performance’®”’.

Enormous efforts, including the nanostructuring of Si to accom-
modate the volume change of Si and mitigate pulverization®™, elec-
trolyte synthesis and formulation for SEI stabilization?, and the design
of anode binders that maintain electrode integrity despite volume
fluctuations™, have been devoted to address this issue. Despite these
advances, the quest for durable, high-capacity Si anodes remains a
vibrant area of research. The complexity of the interactions between Si,
electrolytes, and binders, coupled with the stringent requirements for
practical battery applications, necessitates ongoing innovation. Parti-
cularly, the volume expansion of Si, coupled with its intricate electro-
chemical behavior, has prompted an investigation into its
electrochemical interplay with other components in full cells, an aspect
overlooked in previous studies. Therefore, a thorough understanding of
the underlying failure mechanism of Si anodes from a full cell perspec-
tive is imperative to achieve prolonged cycle life.

Here, we report on the mechanical shutdown phenomena that
occur in battery separators, serving as a hidden culprit in the cycling
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degradation of Si full cells. By assessing the resistances of individual cell
components during cycling, we observed a notable increase in bulk ionic
resistance, prompting further investigation into the structural integrity
of battery separators in terms of their pore disruption. Through the
mechano-structural analysis of Si full cells, combined with digital-twin
simulation, we observed that localized compressive stress induced by
the volumetric expansion of micro-sized Si subjects the separator to
pressure, resulting in the collapse of the separator pores—a phenomenon
termed mechanical shutdown. Quantitative characterization of the pore
structure changes during cycling was performed using scanning elec-
trochemical microscopy (SECM) analysis, revealing that this mechanical
shutdown impeded ion transport across the separator, thereby exacer-
bating redox inhomogeneity and Si pulverization.

Mechanical compression simulations demonstrated that a bat-
tery separator with Young’s modulus exceeding 1 GPa is needed to
stably maintain its porous structure when paired with micro-sized Si
anodes. To meet this requirement, we designed a high modulus (HM)
separator with a Young’s modulus of above 1 GPa. The HM separator
was assembled with a pure Si anode (areal capacity of 8.5mAh cm™)
and a LiNipy.,.,CoMn,Al,O, (NCMA) cathode (areal capacity of
4.5 mAh cm™) to fabricate a high-areal-capacity pouch-type full cell.
Driven by its structural robustness, the HM separator enabled stable
cyclability in the full cell, which retained 88% of its capacity after 400
cycles at a fast charge rate of 4.5mAcm™, far exceeding those of
previously reported Si full cells. This study offers an insight into the
design of separators aimed at prolonging the lifespan of Si full cells.

Results

Unveiling the separator degradation during the cycling of Si
full cells

To clarify the issue with the cyclability of Si anodes, pouch-type full
cells comprising of an NCMA cathode (4.5 mAhcm™) and different
anodes (micro-sized Si anode (8.5mAhcm™) vs. graphite anode
(5.0 mAh cm™)) were fabricated. To ensure intimate interfacial contact
between the cell components during cycling, a stack pressure of
100 kPa was applied to the full cells. Meanwhile, in the absence of this
stack pressure, the Si full cell demonstrated a rapid decline in its
capacity retention and fluctuating voltage profiles (Supplementary
Fig. 1), which can be attributed to the volume expansion of the micro-
sized Si anode with cycling' (Supplementary Fig. 2).

We observed that the capacity retention of the Si full cell, which
was 59% after 400 cycles, was significantly lower than that (89%) of the
graphite full cell (Fig. 1a and Supplementary Fig. 3). To identify the
underlying failure mechanism of the Si full cell, electrochemical
impedance spectroscopy (EIS) analysis was conducted at different
cycle numbers (Supplementary Fig. 4). There was an increase in the
charge transfer resistance (R.) and solid-electrolyte interphase (SEI)
resistance (Rsg) of the Si full cells after cycling, indicating the thick-
ening of passivation layers and loss of electrical contact, which are
known as major causes of cycling failure in Si full cells”. A notable
finding was the substantial increase in the bulk resistance (Rp) of the
Si full cell (=99%) compared to that of the graphite full cell
(=4%) (Fig. 1b).
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Fig. 1| Separator degradation during the cycling of the Si full cells. a Cycling
performance of the full cells with different anodes: NCMA cathode (4.5 mAhcm™)/
graphite anode (5.0 mAh cm™) or pure micro-sized Si anode (8.5 mAh cm™).

b Change in the R, and (R + Rsgy) of the full cells (graphite vs. Si) before and after
400 cycles. ¢ Change in the ionic conductivity of the polyethylene (PE) separators

as a function of the cycle number (graphite vs. Si). d Internal force evolution with
time during charging/discharging (graphite vs. Si). € Change in ionic conductivity
and porosity of PE separators before and after the mechanical compression with a
stack force of 160 N during the model study.
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To elucidate this behavior, the R, was deconvoluted using the
Eq. (1)18,19:

Rouic = Rnema + Rsi + Relectrolyte—sep +Reap @)

Under the assumption that the tab resistance (R.,,) remained
constant, we measured the electronic resistance of the Si anode (Rs;)
and NCMA cathode (Rncwma) after disassembling the cell (Supplemen-
tary Fig. 4). We observed that the increase in the Ry of the Si full cell
was strongly influenced by an increase in the Reectrolyte-sep- This result
was verified by monitoring the change in ionic conductivity of the
cycled polyethylene (PE) separators as a function of the cycle number
(Supplementary Fig. 5). The ionic conductivity of the cycled PE
separator in the Si full cell decreased sharply from 1.2x107 to
2.5x107°S cm™ after 400 cycles, whereas that of the PE separator in
the graphite full cell remained almost unchanged (Fig. 1c). Prior to
measuring ionic conductivity, the separators retrieved from the cycled
cells were washed several times to ensure removal of residual con-
taminants (Supplementary Fig. 6). To address concerns on the residual
Si particles, we analyzed the surface of the cycled separators (after
100™ cycle). Negligible amounts of Si particles were detected on the
surface of the separators. During the ionic conductivity measurement,
no additional stack pressure was applied to the cycled separators.
Next, an operando measurement of the internal force evolution of the
Si full cells during repeated lithiation/delithiation was performed using
a load cell apparatus under the externally applied stack pressure of
100 kPa (Supplementary Fig. 7). The internal force refers to the force
newly generated by the volume expansion of Si during the lithiation in
the Si full cells. The internal force of the Si full cells tended to increase
during lithiation, reaching a peak force of 160 N, and this behavior was
consistent with the voltage profile (Fig. 1d), indicating the generation
of electromechanical stress induced by the lithiation of the Si anode.

To further understand the effect of the newly evolved electro-
mechanical stress on the ionic conductivity of the PE separator, a
model study was conducted. To this end, a pristine PE separator was
subjected to mechanical compression under a stack force of 160N,
corresponding to the peak force observed in the previously described
operando measurement. The ionic conductivity of the compressed PE
separator reduced from an initial value of 1.44 to 0.4 mS cm™, and this
was accompanied by a decrease in the porosity (from 47.8 to 18.5%)
and surface area (from 118.0 to 31.8 m?g™) of the PE separator (Fig. le
and Supplementary Fig. 8). These results demonstrate that the internal
stress induced by the volume expansion of the lithiated Si resulted in
the structural disruption of the PE separator, thereby impeding ion
transport.

Digital-twin simulation of the separator pore collapse upon Si
volume expansion
The mechanical deformation behavior of the PE separator in the Si full
cell was analyzed using 3D digital-twin cell modeling and simulations.
A virtual 3D model of the PE separator structure (Fig. 2a) was con-
structed by incorporating the relevant structural parameters (Sup-
plementary Figs. 9, 10) and basic mechanical properties
(Supplementary Table 1). Subsequently, the structural deformation
behavior of the PE separator upon exposure to the volumetric
expansion of Si was theoretically investigated using a compressive
force of 160 N, corresponding to the internal force evolved during
charging/discharging of the Si full cells under the externally applied
stack pressure of 100 kPa (shown in Fig. 1d). The pressure applied to
the PE separator during the simulation was calculated to be 6.03 MPa,
whereas the apparent pressure (without the compressive force) was
0.4 MPa (Supplementary Fig. 11).

This discrepancy between the simulated and apparent pressures
prompted us to conduct a theoretical analysis of the intersection
(denoted as effective contact area) between the PE separator and

electrode active particles (Fig. 2b and Supplementary Table 2). We
observed that a polymeric region accounted for 50.6% of the total area
of the PE separator (PE, gray bar in Fig. 2¢c, top), and this fraction
reduced to 17.7% upon the contact of the PE separator with Si particles
(PE-Si, yellow bar in Fig. 2c, middle). This value further decreased to
6.3% when the PE separator was in contact with both Si and NCMA
particles (PE-Si-NCMA, red bar in Fig. 2¢, bottom). Such a reduction in
the effective contact area of the PE separator led to the concentration
of the stack pressure. Consequently, the local compressive pressure
exerted on the PE separator under the compressive force of 160 N was
calculated to be 6 MPa, which was significantly higher than the exter-
nally applied stack pressure of 100 kPa.

The 3D digital-twin structural model revealed that the pores of the
PE separator in the Si full cells experienced mechanical rupture when
subjected to a pressure of 6 MPa, and this rupture was particularly
pronounced at the interface of the separator-Si particles (red-dashed
lines in Fig. 2d, e). In contrast, the PE separator in contact with the
electrode pores remained unaffected (blue-dashed line in Fig. 2d, e).
This result indicates the concentration of the internal force induced by
the volume expansion of Si at the interface of the separator-electrode
particles, leading to the local collapse of the separator pores. This
finding was experimentally verified through a model study (Supple-
mentary Fig. 12). During the model study, the PE separator positioned
between the Si anode and NCMA cathode was observed to become
translucent when subjected to an apparent stack force of 160 N, indi-
cating the collapse of the pores owing to the local compressive pres-
sure exerted by the Si and NCMA particles. In contrast, a PE separator
placed between metallic current collectors remained almost unchan-
ged at the same stack force.

Based on the understanding of the effective contact area
described above, we conducted simulations to explore the effect of
the local compressive pressure on the pore structure and ion
transport of the PE separator in Si full cells. In a pristine state (local
compressive pressure = 0 MPa), the PE separator exhibited uniform
ion channels with high Li* density owing to its well-developed pore
structure (Fig. 2f). Meanwhile, in the absence of the externally
applied stack pressure, the pore structure and ionic conductivity of
the cycled PE separator in both Si full cells and graphite full cells
remained almost unchanged, indicating that the structural defor-
mation of the PE separator is not observed despite the volume
expansion of Si during cell cycling (Supplementary Figs. 13, 14). In
contrast, when the PE separator was subjected to local compressive
pressure, its pore structure collapsed, resulting in a reduction in the
Li* density. Consequently, the ionic conductivity decreased by 82%
(from 0.92 to 0.17 mS cm™; Fig. 2g), and the porosity decreased by
70% (from 47.3 to 14.2%; Fig. 2h), which is consistent with the
experimental results.

Spatio-temporal electrochemical analysis of the pore collapse of
separators during the cycling of Si full cells

Driven by the previously described results, we monitored the variation
in the Li* transport phenomena across the separator during cycling,
which is crucial for elucidating the capacity degradation of Si full cells.
It is noteworthy that conventional structural analysis methods, such as
atomic force microscopy (AFM) or scanning electron microscopy
(SEM), have limitations in identifying the spatial evolution of Li*
migration in the pore channels of the PE separator. To address this
issue, we designed an analytical approach based on scanning electro-
chemical microscopy (SECM) using a Pt microprobe and redox med-
iator (ferrocene, Fc; details in Supplementary Fig. 15 and
Supplementary Note 1). We observed the diffusion of an oxidized
molecule (ferrocenium, Fc*) generated at the Au electrode through the
separator, after which the current required to reduce Fc* was mea-
sured at the microprobe to quantitatively characterize the spatial
evolution of ion migration (Fig. 3a).

Nature Communications | (2024)15:10134


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54313-y

a c Area fraction of intersection (%)
0.1 1 10 100
Cathode (NCMA
( ) PE 50.6 49.4 ‘
Polymer Pore
PE-Si 17.7 224 ‘ 10.5
Separator (PE) Si particle Pore t Carbon
Binder
PE-Si-NCMA 1.4
Anode (Si) NCMA particle Pore Carbon
Binder
b e
Projection of contact area
(PE-Si-NCMA) PE separator PE separator
Intersection Si
PE-Si particle ‘ T
PE-NCMA particle Si | % 54m ) Si 5.0m

5yum
3.0 &
£
o
<
25 E
>
X
>
20 2
c
(0]
©
15 =

L y Local compressive

Local compressive

pressure pressure
:0 MPa 16 MPa
(pristine)
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of the cathode constituents in contact with the polymeric region of the PE
separator and Si active particles (Source data are provided as a Source Data file).
d, e Simulated pore structure of the interface of PE separator-Si anode under a
pressure of 0 MPa (d), and 6 MPa (e). f Variations in the Li* density distribution in
the PE separator before and after exposure to the local compressive pressure.

g, h lon conductivity (g) and porosity (h) of the PE separator before and after
exposure to the local pressure (Source data of Fig. 2f~h are provided as a Source
Data file).

A pristine PE separator (before the cycle test) exhibited a con-
sistent and high average current (- 148 pA) over the entire area, indi-
cating a uniform ion transport throughout the separator (left, Fig. 3b).
However, the cycled PE separator (after 100 cycles) exhibited reduced
currents with an uneven distribution (middle, Fig. 3b), revealing the
formation of locally collapsed pores. Consequently, ionic flow was not
permitted through the collapsed pores but was diverted to adjacent
open pores. Such spatial inhomogeneity in ion transport is expected to

concentrate the redox reactions of Si anodes near open pores**?, thus
exacerbating the volume expansion of Si anodes and further disrupt-
ing the remaining open pores. Eventually, the cycled PE separator
(after 400 cycles) exhibited a considerably reduced average current
(-11 pA) owing to the prevalence of collapsed pores (right, Fig. 3b).
This spatio-temporal electrochemical analysis of the separators
was corroborated by monitoring the change in their surface
morphologies and ionic conductivities during cycling. The pristine PE
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100 cycles (middle), and after 400 cycles (right), in which the PE separators were
obtained from the pouch-type Si full cells (NCMA cathode (4.5 mAh cm™)||pure
micro-sized Si anode (8.5 mAh cm™)) as a function of cycle number. d Dynamic
failure model of the separator in Si full cells during cycling: morphology evolution
and degradation processes of the Si-based LIBs during cycling.

separator exhibited a well-developed and uniform pore structure
(ionic conductivity =1.44 mScm™; left, Figs. 3c, 1c). The cycled PE
separator (after 100 cycles) exhibited a partially disrupted pore
structure (0.21mS cm™; middle, Figs. 3¢, 1c), which was almost col-
lapsed (0.02 mS cm™) after 400 cycles (right, Figs. 3¢, 1c). These results

demonstrate that the local compressive pressure induced by the
volume expansion of Si during cycling persistently disrupted the
porous structure of the PE separator, suggesting a dynamic failure
model of the PE separator, which degraded the electrochemical per-
formance of the Si full cells (Fig. 3d).
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Design of the HM separator customized for Si full cells

Next, we investigated the change in the porosity and strain of
separators as a function of Young’s modulus using mechanical com-
pression simulations to replicate stress conditions ranging from 2.3 to
7.4 MPa. Young's modulus is a key indicator of the elasticity of a
material, as it indicates the ability of the material to resist deformation
under stress”. As the stack pressure applied to the separators
increased, the change in the porosity (Supplementary Fig. 16a) and
strain (Supplementary Fig. 16b) of the separators tended to become
more pronounced. We observed that when Young’s modulus of the
separators was higher than 1.0 GPa, the change in the porosity and
strain was negligible, even at the elevated stack pressure. Conse-
quently, the change in the ionic conductivity of the separators with
Young’s modulus higher than 1.0 GPa was negligible even at a stack
pressure of 6.0 MPa (Fig. 4a). As a complementary study, we theore-
tically investigated the structural stability of a model separator with
Young’s modulus of 1.0 GPa (Supplementary Fig. 17). Under the local
compressive pressure of 6.0 MPa, the model separator exhibited
inappreciable change in its porous structure and Li* density distribu-
tion. To verify this theoretical understanding, we fabricated an Al,O5/
PAN composite separator with a Young’s modulus of approximately
1GPa. This composite separator showed an insignificant difference in
the ionic conductivity before and after being subjected to a com-
pressive pressure of 6.0 MPa (Supplementary Fig. 18), indicating that
the composite separator with Young’s modulus of ~ 1 GPa can resist the
structural collapse caused by the volume expansion of Si. This
mechanical analysis offers a design guide for pressure-resistant
separators tailored to Si full cells.

To experimentally validate the results obtained from the
mechanical compression simulations, we fabricated an HM separator
through the simultaneous electrospraying of Al,O; particles and
electrospinning of polyacrylonitrile (PAN) nanofibers (Supplementary
Fig. 19). Thereafter, the separator was subjected to a roll pressing
process to obtain a self-standing HM separator. A cross-sectional SEM
image revealed that the HM separator was composed of densely-
packed Al,O;3 particles spatially besieged by the electrospun PAN
nanofibers (Fig. 4b). In addition, thermogravimetric analysis (TGA)
measurement revealed that the composition ratio of the HM separator
was Al,O3/PAN=93/7 (w/w) (Supplementary Fig. 20). The mercury
porosimetry analysis revealed that the average pore size of the HM
separator was approximately 520 nm (Supplementary Fig. 21), which is
comparable to that of the PE separator.

Next, the average Young’'s modulus of the HM separator was
estimated through nanoindentation analysis as 2.14 GPa, which was
significantly higher than that of the PE separator (0.18 GPa; Fig. 4c). In
order to highlight the high Young’s modulus of the HM separator,
control separators with different composition ratios of Al,03/PAN
(=20/80 and 80/20 (w/w)) were prepared. These control separators
showed Young’s moduli of 0.12 and 1.15 GPa, respectively, which were
significantly lower than that of the HM separator (2.14 GPa) (Supple-
mentary Fig. 22). As described previously, the HM separator was pro-
duced by the simultaneous electrospraying of AlL,O; and
electrospinning of PAN. This fabrication technique allowed the poly-
mer to form independent nanofibers rather than encapsulating the
inorganic particles, thereby leveraging the high Young’s modulus of
the inorganic particles with minimal polymer content to produce the
porous, free-standing separator. This high Young’s modulus of the HM
separator exceeded the previously established benchmark of 1.0 GPa,
making it a viable candidate separator that validates the credibility of
the mechanical compression simulation. To demonstrate the advan-
tageous effects of the HM separator in the Si full cells, a virtual 3D
model of the HM separator structure was constructed using the same
methodology used for the PE separator while considering the mass
ratio, particle/fiber shape, and distribution (Supplementary Figs. 23, 24
and Supplementary Table 3). This mechanical compression simulation

revealed that change in the pore structure and Li" density of the HM
separator was negligible even at the stack pressure of 6.0 MPa (Fig. 4d).
Subsequently, we calculated the pressure required to induce the
structural deformation of the HM separator, corresponding to the
strain equivalent to pore collapse in the PE separator. A substantially
higher pressure of 940 MPa was required for the structural collapse of
the HM separator, which is over 150 times higher than that required for
the PE separator (6.0 MPa; Supplementary Fig. 25).

This quantitative comparison of the mechano-structural proper-
ties of the HM and PE separators suggests that separators with a low
Young’s modulus are susceptible to structural collapse owing to the
local compressive pressure generated by the volume expansion of Si,
resulting in the disruption of ion channels. In contrast, a separator with
a high Young’s modulus above a critical threshold of 1.0 GPa can
maintain its porous structure even when in contact with lithiated Si
particles, thus allowing facile ion transport across the separa-
tor (Fig. 4e).

Achieving the stable cycling performance of high-areal-capacity
Si full cells by the HM separator

The effect of the HM separator on the cycling performance of the high-
areal-capacity Si full cell (NCMA cathode (4.5 mAh cm™)||pure micro-
sized Si anode (8.5mAhcm™), N (negative electrode capacity)/P
(positive electrode capacity) ratio=1.89)) was investigated under
practical operating conditions (charge/discharge current densities =
1.0 C (4.5mA cm™)/0.5 C (2.25 mA cm™2)). The cell assembled with the
HM separator exhibited higher capacity retention (81% after 400
cycles) compared to the cell with the PE separator (59 %) (Fig. 5a and
Supplementary Fig. 26). In addition, the cycling performance of the Si
full cell was further examined at a low N/P ratio of 1.55 (NCMA cathode
(4.5mAh cm™)| | pure micro-sized Si anode (7.0 mAh cm™)). Similar to
the result observed at the N/P ratio of 1.89, the cell with the HM
separator still exhibited higher capacity retention (75% after 300
cycles) compared to the cell with the PE separator (59%) (Supple-
mentary Fig. 27). This result was verified by monitoring the ionic
conductivities of the cycled separators as a function of the cycle
number. The HM separator stably maintained its ionic conductivity
over the entire cycle numbers, whereas the ionic conductivity of the PE
separator decreased gradually with an increase in the cycle number
(Fig. 5b and Supplementary Fig. 28). Moreover, there was no notable
change in the porous structure of the HM separator after 400 cycles
(Supplementary Fig. 29), indicating its mechanical resistance to the
internal stress generated in the Si full cell.

To address the concern regarding the heavy weight of the HM
separator (areal density = 4.9 mg cm™vs. 1.5 mg cm 2 for PE separator),
the specific energy densities of the cells were estimated (Supplemen-
tary Fig. 30 and Supplementary Table 4). A minor difference in the cell
energy density was observed between the HM and PE separators, due
to the relatively low mass fraction (7%) of the separator in the cell.
Meanwhile, the improved capacity retention of the Si full cell with the
HM separator resulted in a higher specific energy density (211 Wh
kgeen ) after 400 cycles compared to the cell with the PE separator
(161 Wh kg ). This comparison demonstrates the superior perfor-
mance of the HM separator in maintaining the cell energy density over
the extended cycle. This superior cyclability of the HM separator was
further elucidated by analyzing the EIS spectra of the full cell (Sup-
plementary Fig. 31). After 400 cycles, the full cell with the HM
separator exhibited a suppressed increase in R, and R, + Rsg, Which
was a significant improvement compared to the results of the full cell
with the PE separator (Fig. 5c). This result was confirmed by analyzing
the cross-sectional SEM images of the cycled Si anodes. Compared to
the PE separator, the HM separator enabled the cycled Si anode to
retain its structural integrity (Fig. 5d). The HM separator, due to its
structural robustness, is expected to maintain its porous structure
during cycling, thereby facilitating stable and uniform ion migration
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6.0 MPa (Source data are provided as a Source Data file). e Schematic illustration
depicting the change in the structure of the PE separator (vs. HM separator) upon
contact with the lithiated Si particles undergoing severe volume expansion.

toward the Si anode. Consequently, the irregular and localized volume
expansion of Si could be suppressed, mitigating the volume change of
the cycled Si anode. These results demonstrate the advantageous
contribution of the HM separator to the structural stability of the Si
anode during cycling.

It is known that the application of an optimum external pressure
to Si full cells can enhance their cycle life by suppressing the volume
expansion of Si anodes***. Based on these previously reported results,
we selected an externally applied stack pressure of 800 kPa,

representing a benchmark pressure above the stack pressure
(=100 kPa) of the cells examined in this study. Future research will
focus on optimizing the externally applied stack pressure in Si full
cells. The high-areal-capacity pouch-type Si full cells (NCMA cathode
(4.5mAh cm™)||Si anode (8.5 mAh cm™)) were subjected to an exter-
nally applied stack pressure of 800 kPa (Fig. 5e), which was higher than
the typical stack pressure (=100 kPa) of the aforementioned cells.
Under this operating condition, the full cell with the HM separator
demonstrated improved capacity retention (88% after 400 cycles)
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4.5mAh cm™, pure Si anode: 8.5mAh cm™) at a charge/discharge current rate of
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200", and 400" cycle. d Cross-sectional SEM images of cycled Si anode with PE
separator (left side) and HM separator (right side). e Schematic illustration of

Cycle number

pouch type Si full cell under the application of high external stack pressure

(800 kPa) f Cycling performance of Si full cell containing HM separator under the
externally applied stack pressure of 800 kPa. g Comparison of the cell perfor-
mances between this work and previously reported full cells with micro-sized Si
anodes in terms of four parameters: cycle number of Si full cells (x-axis), areal
capacity (y-axis), capacity retention (heatmap), and charge current density (dia-
meter). The number assigned to each circle corresponds to the serial number in
Supplementary Table 5 (refs. 9,13,26-38).

compared to the result obtained at a stack pressure of 100 kPa (Fig. 5f
and Supplementary Fig. 32), demonstrating the effectiveness of the
higher stack pressure of 800 kPa. In contrast, the full cell with the PE
separator suffered from rapid capacity degradation, which was more
severe than that shown in Fig. 1a. This poor cycling performance of the
PE separator can be attributed to the accelerated pore collapse at the
elevated stack pressure of 800 kPa. It should be noted that this cycling
performance of the HM separator significantly exceeds those of pre-
viously reported full cells with micro-sized Si anodes (Fig. 5g and
Supplementary Table 5), particularly in terms of the areal capacity and
charge/discharge current rate, underscoring the electrochemical

viability of the HM separator in extending the cycle life of practical Si
full cells.

Discussion

In summary, we demonstrated that the deformation of battery
separator pores, alongside the well-known issue of Si pulverization, has
a critical impact on the cycling performance of Si anodes. Particularly,
the mechano-structural characterization of Si full cells revealed the
disruption of the pores of PE separators during cycling owing to the
local compressive stress generated by the volume expansion of Si.
Upon exposure to internal stress exceeding 6 MPa in Si full cells, the
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porous structure of the PE separator collapsed, a phenomenon refer-
red to as mechanical shutdown, ultimately blocking the ion transport.
This mechanical shutdown behavior was quantitatively elucidated
through SECM analysis as a function of cycle number and discussed in
relation to the cycling degradation of the Si anode. Based on the
electromechanical understanding of separators, we designed the HM
separator (>1GPa) capable of maintaining its porous structure even
when paired with Si anode during cycling. Driven by this mechanical
resistance, a high-areal-capacity pouch-type Si full cell with the HM
separator achieved a stable cyclability (capacity retention = 88% after
400 cycles) at a fast charge rate of 4.5 mA cm™, outperforming those
of previously reported Si full cells. This study demonstrated the
importance of cell-based approaches in enabling the long-cyclable Si
full cells. Particularly, it highlights the importance of the mechanical
shutdown phenomena of separators in Si full cells plagued with high
internal stress.

Methods

Design and fabrication of the HM separator

The high modulus (HM) separator was fabricated using a concurrent
electrospraying (for Al,O3)/electrospinning (for polyacrylonitrile (PAN))
technique, followed by roll pressing. Briefly, Al,O3 (provided by LG
Energy Solution) was dispersed in a solvent mixture of acetone/butanol
(7/3 (v/v)), and the PAN (concentration =9 wt%, Aldrich) solution was
prepared by dissolving PAN (molecular weight=150,000 gmol™) in
dimethylformamide (DMF) at 70 °C for 12 h. The Al,O5 suspension and
PAN solution were individually subjected to electrospraying and elec-
trospinning processes concurrently through two different nozzles at
room temperature. The processing conditions were as follows: an
applied voltage of 12kV with a feed rate of 3.5 pL min™ (for the elec-
trospinning) and 18 kV with a feed rate of 80 uL min™ (for the electro-
spraying). The self-standing and flexible HM separator (thickness
~30 um) was obtained after subjecting the separator to a roll pressing
process.

Structural and physicochemical characterization of the
separators

The surface and cross-sectional morphologies of the separators were
characterized using a field emission scanning electron microscope (FE-
SEM) (S-4800, Hitachi) combined with an energy-dispersive X-ray
spectrometer (EDS) (JSM 6400, JEOL). The porosity and pore size
distribution of the separators were analyzed using a Hg porosimeter
(Auto pore IV 9520, Micromeritics), and the mechanical properties of
the separators were measured using nanoindentation (Nanoindenter
by KLA-Tencor). The thermogravimetric analysis (TGA) analysis (SDT
Q600, TA Instruments) was performed at a heating rate of 10 °C min™*
under an air atmosphere to estimate the composition ratio of the HM
separator.

Internal force measurement during lithiation/delithiation of Si
The experimental setup for the operando measurement of the internal
force evolution in the Si full cells during repeated lithiation/delithia-
tion is depicted in Supplementary Fig. 6. The internal force newly
generated within the pouch-type cells was measured using the sub-
miniature load cells (LC307, Omega Engineering) connected to strain
gauge panel meters (DP25B-S, Omega Engineering). The measure-
ments were conducted after one formation cycle at a charge/discharge
current rate of 0.1C, followed by a degassing step.

SECM analysis of the separators

The scanning electrochemical microscopy (SECM) measurements
were conducted using a scanning probe workstation (M470, Biologic).
An Au electrode (substrate, diameter of 10 mm) embedded in epoxy
resin (Biologic) and a Pt microprobe (tip, diameter of 1pm) (U-P5/1,
Biologic) were used as the working electrodes. The Au electrode was

polished using 0.05pum alumina micro-polishing cloth and cleaned
with water. Pristine or cycled separators were placed on the Au elec-
trode during the analysis. A non-aqueous Ag/Ag" reference electrode
was used, consisting of an Ag wire immersed in a solution of 0.1M
tetrabutylammonium perchlorate (TBAP) in dimethyl sulfoxide
(DMSO) containing 0.01 M silver nitrate (AgNO3). A Pt mesh was uti-
lized as an auxiliary electrode. A liquid electrolyte consisting of 2 mM
of ferrocene (Fc) redox mediator dissolved in 0.1 M TBAP in DMSO was
used for the analysis.

Electrochemical characterization of the separators and Si

full cells

The ionic conductivity of the separators was estimated by electro-
chemical impedance spectroscopy (EIS) analysis using blocking cells
(SUS|separator|SUS) in 2032-type coin cells, with an applied amplitude
of 14.1 mV, which corresponds to the V,,s of 10 mV over the frequency
range from 102 to 10° Hz, using a potentiostat/galvanostat (VSP classic,
Bio-Logic) at room temperature (25°C). To measure the ionic con-
ductivity of the cycled polyethylene (PE) and HM separators, the
cycled cells were disassembled, and the cycled separators were col-
lected at specific cycle numbers (100", 200", and 400%™ cycle). The
pouch-type full cells were composed of LiNij.,.;.,Co,Mn,AL,O, (NCMA)
cathode (areal capacity of 4.5mAhcm™), Si anode (areal capacity of
8.5 mAh cm™) or graphite anode (areal capacity of 5.0 mAh cm™), and
liquid electrolyte (1M LiPF¢ in ethyl methyl carbonate (EMC)/fluor-
oethyl carbonate (FEC)=7/3 (v/v)). All electrodes examined herein
were supplied by LG energy solution. To fabricate the pouch-type full
cells, the NCMA cathode, graphite anode, and Si anode were cut into
20 mm x 20 mm and 30 mm x 30 mm pieces, respectively. The Al and
Ni tabs were welded onto the NCMA cathode, graphite anode, and Si
anode, respectively, using a welding machine (KM-40ST, Kormax sys-
tem). The electrodes and separator were stacked and sealed with a
pouch film, followed by injection of liquid electrolyte (- 5g Ah™). The
cell fabrication was performed in a dry room, where the dew point is
controlled below -40°C. The electrochemical performance of the
pouch-type full cells was evaluated under a fixed pressure of 100 kPa,
in which the cell was cycled at a charge/discharge current density of
1.0C (4.5mAcm?)/0.5C (2.25mAcm™) for Si anode and 0.33C
(1.5mAcm™)/0.33C (1.5mAcm™) for graphite anode and voltage
range of 3.2-4.25V. The charge/discharge performance of the cells
was investigated using a cycle tester (PNE Solution) at room tem-
perature (25 °C).

Construction of the 3D digital-twin structures of Si full cells
Separator structure: The structural information of the PE and HM
separators, including the fiber thickness, orientation, and particle size,
was gathered from their SEM images using ImageJ and Orientation)
software (Supplementary Fig. 9). Using these parameters, virtual 3D
separator structures were constructed in GeoDict 2023 (Math2Market,
Germany), reflecting the design of PE separator (thickness ~ 20 pm and
porosity ~47%, Asahi Co.) and HM separator (thickness ~30 pm and
porosity ~-52%). The PE and PAN fibers were generated using the
PaperGeo module, and Al,O; particles were drawn using GrainGeo in
the 10 pm x 10 pum x (separator thickness) pm domain with 0.050 pm
voxel length. Additionally, the randomness of the fiber straightness in
the PE separator was controlled by comparing it to the SEM images.
Electrode structure: 3D electrode structures for the NCMA and
pure micro-sized Si were designed with different electrode composi-
tions ((NCMA:carbon black:PVdF =90:5.5:4.5, wt%) and (Si:Super-
P:PAA = 80:10:10, wt%)) under different structural conditions (NCMA
electrode: 8.90 mgcm™?, 30.7um; pure Si electrode: 0.88 mgcm,
9.8um)”%. The electrode active particles (spherical NCMA and
polyhedron-type Si) and CBD (carbon and binder domain) were
formed using the “Create Grain” and “Add binder” functions in the
GrainGeo module, respectively. The domain size of the electrode
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structures was set as 10 um x 10 um x (electrode thickness) ym. To
estimate the contact area, it was extended to 20 um x 20 um x (elec-
trode thickness) um.

Mechanical/structural analysis of the separator and electrode
structures through digital-twin simulation

The digital-twin separator and pure micro-sized Si anode structures
were attached in the LayerGeo module and compressed at a strain rate
of -20% using the ElastoDict module. Considering the mechanical
properties and elastic-plastic deformation of materials, the applied z-
directional stresses on the digital-twin structures were calculated
during the mechanical compression. The ionic conductivity of both
the pristine and deformed structures was estimated under a potential
difference of 1V in the ConductoDict module. The surface-to-surface
contact area of the NCMA cathode-separator-Si anode was quantified
using the functions of the LayerGeo module and MatDict module.

Data availability

All relevant data generated in this study are provided in the main
figure, supplementary information and Source data. The data that
support the findings of this study are available from the corresponding
author upon request. Source data are provided in this paper.
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