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Everlasting Living and Breathing Gyroid 3D Network in Si@SiO,/C
Nanoarchitecture for Paving the Way to High Energy Lithium
Storage Materials

Jaewoo Leet?, Janghyuk Moont®, Sang A Han?¢, Junyoung Kim¢, Victor Malgras®, Yoon-Uk Heo',
Hansu Kimg, Sang-Min Lee", Huakun Liu?, Shi Xue Dou?, Yusuke Yamauchi, Min-Sik Park*¢ and Jung
Ho Kim*®

Silicon-based materials are the most promising candidates to surpass the capacity limitation of conventional graphite anode
for lithium-ion batteries. Unfortunately, Si-based materials suffer from poor cycling performance and dimensional instability
induced by the large volume changes during cycling. To resolve such problems, nanostructured silicon-based materials with
delicately controlled microstructure and interfaces have been intensively investigated. Nevertheless, they still face problems
related to their high synthetic cost and their limited electrochemical properties and thermal stability. To overcome these
drawbacks, we demonstrate the strategic design and synthesis of a gyroid three-dimensional network in a Si@SiOx/C
nanoarchitecture (3D-Si@SiO«/C) with synergetic interaction between the computational prediction and the synthetic
optimization. This 3D-Si@SiOx/C exhibits not only excellent electrochemical performance due to its structural stability and
superior ion/electron transport, but also enhanced thermal stability due to the presence of carbon, which was formed by a
cost-effective one-pot synthetic route. We believe that our rationally designed 3D-Si@SiOx/C will lead to the development

of anode materials for the next generation lithium-ion batteries.

Broader context

With the increasing global demand on the development of environmeltally friendly and renewable energy sources, lithium-ion batteries are emerging as one of the most

promising energy storage applications. However, conventional graphite system as an anode is insufficient for satisfying the rapidly changing industrial needs due to its

intrinsically low theoretical capacity and rate capability. Thus the development of new anode materials has become a prerequisite for taking a step forward the next generation

LIBs. Herein, our new architecture based on silicon, which has drawn much attention as a promising anode material for various lithium storage systems, seems significantly

novel and reasonably designed in terms of various functionalities such as mechanical robustness, thermal stability, and electrochemical performance in lithium-ion batteries.

Moreover, with the synergetic interaction between computational prediction of the structure and synthetic optimization of the products, we figured out both suitable

architecture and each individual role of components in the architecture. These results suggest that applicability and useful information can be derived for developing silicon-

based anodes with high energy density.
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Introduction

Silicon (Si) has been proposed as a promising anode material on
account of its high theoretical specific capacity (Li1sSis, 3580 mA
h g1) and relatively low redox potential versus Li/Li* (~0.4 V), as
compared with the conventional graphite system, which shows
intrinsically less theoretical capacity (372 mA h g1)5. Severe
volume expansion/contraction occurs, however, when the Si
active materials are reacting with lithium (L) in
alloying/dealloying processes (> 300 %)°. The mechanical stress
on the surface caused by the volume changes leads to the
pulverization of the Si particles and the loss of electrical
contact’. Consequently, it causes rapid capacity degradation
during cycling. To overcome these drawbacks, recently, various
approaches have been proposed, which are mainly divided into
two research strategies. Firstly, to create morphological
variations of Si active materials is mainstream research to
reduce the mechanical stress such as with zero-dimensional
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(0D) one-dimensional

nanorods/nanotubes!-13,
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nanosheets!#1>, and three-dimensional (3D) porous materials'®

two-dimensional

19, as well as microparticles??2!, These Si materials show not
only excellent cycling performances, but also highly reversible
specific capacities due to their enhanced anti-pulverization
characteristics. It might be infeasible, however, to apply them
in large-scale production because the material preparation
requires high-cost synthetic routes or even the use of hazardous
chemicals. Secondly, various types of Si-based composites have
been introduced in order to compensate for the deficiencies of
Si, such as Si/carbon composites?225, Si/SiOx composites26:27,
and Si/alloy composites?829, Although these composites also
show moderate cycling performances, none of these materials
is adequate enough to overcome the performance of
conventional graphite, owing to different weaknesses, such as
low initial Coulombic efficiency, high-cost synthesis, or high-
cost precursors.

By considering previous research, it is argued that
simultaneous troubleshooting on various aspects is a
prerequisite for applying the Si-based anode materials in the
next generation of Li-ion batteries (LIBs). To be specific, the Si-
based anode materials should first have high reversible capacity
with an acceptable initial Coulombic efficiency in order to
surpass the energy density of the conventional graphite system.
Unless these characteristics are sufficiently high, it might be
nothing but a meaningless performance based on relatively low
density structured materials such as nanosized or porous
materials30. Secondly, they should have, needless to say, good
cyclability assisted by structural modifications such as control of
the particle size and the introduction of a robust framework for
preventing the fracturing of the materials when they react with
Li. Thirdly, ion/electron conductivity and thermal stability are
also essential factors that the Si-based anode materials should
have. Regardless of the intrinsically insufficient properties of Si,
these can be compensated by designing the suitable structures
such as a 3D network, as well as the incorporation of carbon,
which enhances the conductivity and the thermal stability?23:31.
Finally, the synthesis of the material should be conducted by
using safe, nontoxic, and cost-effective methods for mass-scale
production. Accordingly, these factors should be considered
from the material design step. To sum up, we aim to achieve the
development of Si-based materials for practical use under the
consideration of 1) the high energy density (e.g. Si content), 2)
robust structure with a combination of stable components (e.g.
3D network SiOy), 3) high conductivity and thermal properties
(e.g. carbon incorporation), and 4) facile synthesis.

On the basis of our strategies for material design, we engaged
in computational predictions of the volume changes of various
structures, as well as exploring how to realize the ideal material
from the predictions with the aid of continuous feedback. By
continuum scale analysis, simulation, and prediction of volume
changes for both the unit cell and Si particles interior models
were constructed to aid in the structural design of anode
materials. We thus determined that our 3D network structured
Si/SiOx composite could prevent volume expansion as well as
providing better ion/electron conductivity with Si-based anode.

In this study, we consequently demonstrate a gyroid 3D
network of Si embedded in SiOx with a carbon shell as a new
nanoarchitecture (denoted as 3D-Si@SiO./C) which was
synthesized via one-step magnesiothermic reduction3? and
carbonization3? with double-gyroid highly ordered mesoporous
silica (denoted as KIT-6), including polymer template as a
precursor. The 3D-Si@SiO/C has a mesoporous structure with
10 nm-sized, defect-rich Si nanoparticles interconnected in a
SiO,/C network frame. With this nanoarchitecture, the 3D-
Si@SiOx has delivered the reversible capacity of 1635 mAhg,
and its initial Coulombic efficiency is over 80% due to its
structural stability. The 3D-Si@SiOx has also demonstrated
83.3% stable capacity retention up to 100 cycles and 85.0% rate
capability at a current density of 4000 mAg-! compared to 200
mAgl. In addition, highly thermostable properties were
confirmed by a high temperature cycling test at 60 °C and
differential scanning calorimetry (DSC) analysis of the electrode
after lithiation. As a result, we argue that rationally designed
3D-Si@SiOy/C is the best candidate for the practical use of cost-
effective and safe Si-based anode material for the next
generation of LIBs.

Results and discussion

Prediction of volume changes and the consequent structural
design

For finite element analysis, the 3D-Si@SiOy/C structure with the
Schoen’s gyroid structure was modeled by level surfaces
according to trigonometric functions as follows34:

sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(x) =t (1)

where t is the constant of the level surface to control the
volume fraction of gyroid networks which can be defined by the
ratio of volume enclosed by the level surface to the other side.
For the Si particle, the diameter of the sphere was defined by
10 nm, and the position of sphere was placed where the space
was maximized in the gyroid structure. The threshold of the
level surface was set to be t = +0.02, which satisfies the
condition that pore diameter of gyorid structure is 8 nm (Fig. S1,
ESIT).

In order to analyze the volume expansion of Si particles in the
prepared 3D structure, we have compared the changes in
volume expansion of the Si particle in different structures. Fig.
1a shows the volume evolution of a free-standing Si particle up
to 280 %. Fig. 1b shows the finite element analysis results for an
embedded Si particle in a SiO, nanowire. During full lithiation,
the Si core experiences compressive stress because the SiO;
matrix prevents expansion outward. Due to the rigid matrix,
there was a decrease in the volume change of about 30%. The
thickness of nanowire matrix in the radial direction is thin,
however, so the elastic supporting effects on Si were only
applied in the direction of the height axis (z-axis) (for detailed
information regarding lithiated SiO, effects, see Fig. S2 with
explanations, ESIT). In the gyroid SiO, matrix, the Si particle
shows lower volume expansion from 200 % to 230% depending
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Fig. 1 Continuum scale analysis for the simulation of particle and unit volume changes in silicon-based materials before and after full lithiation. (a) Si nanoparticle in free space. (b)
Si nanoparticle embedded in 1D-SiO; structure. (c) Si nanoparticles embedded in a 3D network gyroid structure and the total unit of the gyroid 3D network Si@SiOy. (d) Comparison

of the relative volume changes of (a-d) during lithiation. #Si indicates the number of Si nanoparticles randomly located inside the gyroid structure from #Si = 1 to #Si =

packed).

on the number of Si particles or the volume ratio of Si compared
to the gyroid matrix, as shown in Fig. 1c and 1d. The perfect
gyroid lattice has cubic symmetry, and the embedded Si particle
deforms under macroscopic hydrostatic pressure. Compared to
the 1D nanowire, the effective suppression of lithium
compositional expansion is attributed to the axisymmetric 3D
network geometry. Furthermore, the unit cell of the gyroid
structure provides free space to accommodate the volume
changes of the embedded Si particles. The overall volume
expansion ratio is greatly reduced by up to 50%. (Movie Clips of
each structures shown in Fig. 1a, 1b, and 1c during lithiation are
can be found in the additional electronic supplementary files.

21 (fully

The color maps of each structure according to the volume
changes are shown in Fig. S3, ESIT.)

Synthesis of the 3D-Si@Si0,/C

Fig. 2a shows a schematic illustration of the strategically
designed 3D-Si@SiO,/C synthetic process from double-gyroid
KIT-6, including the polymer template. According to the results
of the simulation of the volume changes, we adopted the KIT-6
that is interlaced with two gyroidal forms of silica and polymer
as a precursor3>. We expect that the KIT-6 will give a 3D network
structure with appropriate contents of silicon, and it is also
suitable for controlling the formation of the pores and Si
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Fig. 2 Synthesis of gyroid 3D network of Si@SiO,/C. (a) Schematic illustration of the synthetic route for the 3D-Si@SiO,/C via one-pot magnesiothermic reduction and carbonization
of the KIT-6, including the polymer template. (b) Transmission electron microscope (TEM) image of highly ordered double-gyroid KIT-6 including polymer template with its high angle
annular dark field — scanning TEM (HAADF-STEM) image in the inset. (c-d) TEM image of the 3D-Si@SiO,/C (c) and its corresponding HRTEM image (d), showing that the c-Si particles
are interconnected inside the SiO,/C network frame. Scale bars, 20 nm for (b, including inset) and (c), 5 nm for (d).

materials. Moreover, the polymer template could be partly
converted to carbonized form which will play a role in the
enhancement of the electrical conductivity and the mechanical
strength of the material?’:33. Owing to our series of the logical
ways to seek an optimum material, the obtained material is
expected to provide exceptional value in battery performance.
To meet the requirements above, the KIT-6, including the
polymer template mixed with magnesium (Mg) as reducing
agent, is sealed in a stainless steel reactor and activated at 750
°C for 2 h in argon. Subsequently, the resulting product is
washed with hydrochloric acid (HCl) to remove residual Mg
compounds. Finally crystalline Si nanoparticles (c-Sis)
embedded in a SiO«/C network are obtained. That is to say, well-
aligned gyroid SiOx with carbon shell as well as embedded c-Sis
cores is derived from highly ordered double-gyroid KIT-6,
including the polymer template (Fig. 2b and Fig. S4, ESIT).
Although the morphology of the obtained material appeared
slightly distorted compared to its precursor (Fig. 2c), the gyroid
3D network structure was still maintained, and it also possessed
mesopores where the polymer template was located.
Moreover, the polymer templates were transformed into
carbon shells. The c-Si particles were interconnected inside the
SiOx/C network frame (Fig. 2d). Detailed high resolution
transmission electron microscope (HRTEM) image confirms the
presence of c-Si with a lattice spacing of 0.31 nm, corresponding
to the (111) planes of the face-centered cubic structure3637.27,

Material optimization and characterizations of the 3D-Si@SiO,/C

According to the predictions of the model, our desirable
material should maintain its 3D network mesoporous structure
with a large fraction of c-Si particles and SiO,/C (or SiO,) as a
shell-like frame. To meet the above requirements, two kinds of
synthesis were conducted. Firstly, heat-treatment
temperatures were fixed at 675, 750, and 825 °C (with the
samples denoted as 675, 750, and 825, respectively) for yielding
an optimum ratio of c-Si particles while inducing partial
reduction of silica. Secondly, calcined KIT-6 (which contains only
silica) and uncalcined KIT-6 (which includes polymer template)
were used as precursors (denoted as w/o and w/ polymer
template, respectively) for determining the effects of the
carbon which was acquired from the carbonization of the
polymer template38. For comparative study, characterizations
and electrochemical measurements of commercial Si
nanopowder (denoted as Si-NP, 50 nm, Sigma Aldrich) were also
conducted concurrently.

Fig 3a shows the X-ray diffraction (XRD) patterns of the
reference Si-NP and the as-prepared six samples after HCI
washing. Diffraction peaks of face-centered cubic silicon are
clearly shown at 28.6, 47.6, 56.5, 69.7, and 77.0°, whereas c-Si
and other magnesium compounds (MgO, Mg,Si, and Mg,SiO,)
co-existed in all six samples before HCl washing (Fig. S5a,
ESIT)39. The content of c-Si also increased with increasing
reaction temperature. Interestingly, there was unwanted
Mg,SiO4, which could not be removed in HCl solution in the case
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of the 825 samples (825s)%%41, Through detailed transmission
electron microscopy (TEM) of the six products, predominant
morphological differences were observed as a function of the
heat-treatment temperature. While 675s and 750s maintained
their original mesoporous structures, the pores were collapsed
and the particles were agglomerated to form larger lumps in the
825s (Fig. S5b, ESIT). On increasing the temperature from 675
°C to 825 °C, the average crystalline silicon size had a tendency
to increase from ~4 nm in the 675s and ~8 nm in the 750s to ~17
nm in the 825s, respectively (Fig. 3b). Due to these
morphological differences and the content/size diversity of the
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c-Si particles, it could be expected that distinguishing
electrochemical outputs would be shown. Fig. 3c, 3d, and 3e
show the electrochemical properties of the six products and Si-
NP. The specific discharge capacities (at the first cycle) of the
825s are the highest, as expected (2294 and 2349 mAh g for
the w/o and w/ polymer template, respectively), whereas the
675s showed insignificant specific capacities due to insufficient
reduction of silica. On the other hand, compared to the other
products and also the Si-NP reference, the 750s showed better
initial Coulombic efficiencies of up to 80.1 %. In particular,
outstanding cycling performance was shown in the 750-w/
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Fig. 3 Structural and electrochemical characterizations of various types of products. (a) XRD patterns of 6 products and reference Si NP. (b-e) Physical and electrochemical properties
of 6 products and reference Si NP: c-Si particle sizes (b), specific capacities (c), initial Coulombic efficiencies (d), and cyclability (e). (f-h) confirmation of the presence of carbon:
powder images (f), Raman spectra (g) and thermogravimetric analysis (TGA) curves (h) of 750-w/o and w/ polymer template samples. (i) Electron energy loss spectroscopy (EELS)
elemental mapping images of the 750-w/ polymer template. (j) XPS Si 2p spectra of the 750-w/ polymer template during Ar* sputtering for 120 seconds. Scale bar, 50 nm for (i).



polymer template sample (over 80 % capacity retention after
100 cycles) in spite of the poor cyclability of all the other
samples (under 50 %). (Detailed information, including
numerical figures, is introduced in Fig. S6, ESIT.)

In order to investigate the distinction between the w/o and w/
polymer template samples, we conducted additional analyses
on 750s. At first, from the color of the samples (w/o polymer
template: light brown, w/ polymer template: black, as shown in
Fig. 3f), the presence of carbon on the w/ polymer template can
be detected. Fig. 3g shows Raman spectra of samples w/o and
w/ polymer templates. Each exhibited three distinct peaks at
506, 299, and 940 cm1, which indicated crystalline silicon with
its long-range order*243, In the w/ polymer template sample,
there was a broad peak near 450 cml, which indicated
amorphous silicon containing amorphous oxides due to its SiOy
framework whereas this barely appeared on the w/o polymer
template sample. In particular, 2 broad peaks at 1331 and 1595
cm? corresponded to the D band and G band of carbon**. By
thermogravimetric analysis, the content of carbon in the w/
polymer template sample was estimated to be 3.5 wt % (Fig.
3h). Also, it was confirmed that amorphous carbon covered all
of the material, as determined from the electron energy loss
spectroscopy (EELS) mapping images (Fig. 3i). These results
indicated that 3.5 wt % of amorphous carbon was derived from
the polymer template, which played a significant role between
the c-Si particles and the SiOx framework, enhancing the
electrochemical reversibility and cyclability.

To confirm in-depth the mechanical and chemical properties of
750-w/ polymer template (target product), further
characterizations were performed by using the Brunauer-
Emmett-Teller (BET) technique, and XRD and X-ray
photoelectron spectroscopy (XPS) measurements. The N
adsorption/desorption isotherm and pore size distribution
results shown in Fig. S7 (ESIT) indicate that 750-w/ polymer
template still maintained the surface area of 161 m2 g1 and its
average pore size of 87 nm after one-step
reduction/carbonization and further HCl washing, even if the
amorphous precursor underwent crystallization of silicon, as
identified from XRD results (Fig. S8, ESIT). Moreover, we
confirmed that the metallic silicon is embedded inside
nonstoichiometric silicon oxides by changes in the XPS Si 2p
signals, which were continuously measured 21 times for 120
seconds during Ar* sputtering (Fig. 3j). From the surface to a
sub-nm depth of the material, metallic Si® peaks at about 99.2
and 100.1 eV showed a gradual increase, while other silicon
oxides peaks, which can be divided into Sil*, Si2*, Si3* and Si**
(SiOq.5, SiO10, SiO15, and SiO,, respectively) in the range from
101.4 to 104.6 eV, showed an obvious decrease*. Also, a slight
increase and decrease
elemental Si and O, respectively, were confirmed by the
calculations based on the XPS survey scans (Fig. S9a and S9b,
ESIT). In addition, the C 1s and O 1s signals indicate that carbon
exists in an independent amorphous carbon form, while the

in the atomic concentrations of

oxygen in the material is mainly from silicon oxides (Fig. S9c and
S9d, ESIT)*¢, Overall, it is demonstrated that 750-w/ polymer
template has 10 nm crystalline silicon particles embedded in
nonstoichiometric silicon oxides with an amorphous carbon

layer forming a 3D network (Note that the name of the target
product, which has been called 750-w/ polymer template so far
will be changed again to 3D-Si@SiO./C hereafter.)

Effect of defects in silicon nanoparticles

Meanwhile, the 3D-Si@SiO./C possesses abundant defects
inside most of the Si nanoparticles. As shown in Fig. 4a, defects
such as twins and stacking faults, are extended from one side to
the other side, passing through the bulk of Si nanoparticles.
Moreover, each defect is randomly located on different
positions. This might be because the 3D-Si@SiO,/C was
synthesized by the method of partial reduction of silica at
relatively low temperature, which caused imperfect formation
of the c-Si particles®’. It is well known that defects in the crystal
structure enhance ionic conductivity because they provides
more free volume to accommodate the interstitial Li atoms than
a perfect lattice*®. In addition, according to a recent report, a
defect-abundant Si anode shows better electrochemical
performance in LIBs*°. In order to investigate in depth how the
defects affect the electrochemical properties of the 3D-
Si@SiOx/C anode, two different types of lithiation behavior
depending on the existence of defects in the Si nanoparticles
were also investigated. To obtain clear lithiated samples with no
interference from a binder or a conductive agent, chemical
lithiation by direct contact between the 3D-Si@SiO,/C powder
and Li-metal foil in the electrolyte for 6 hours was induced, as
shown in Fig. 4b. In the TEM observation shown in Fig. 4c, the Si
nanoparticle without defects exhibited a typical behavior in
which amorphous lithium silicide (a-LixSi) enclosed c-Si (lattice
spacing of 3.1 A corresponding to the (111) planes) from the
surface to deep inside of the bulk. On the other hand,
interestingly, the Si nanoparticle which had a twin boundary
formed crystalline lithium silicide (c-Li1sSia, lattice spacing of 6.1
A, corresponding to the (111) planes) around the twin
boundary. Morover, the c-LiisSisbegan to form even from inside
of the bulk, not from the surface. This contrasting result clearly
indicates that defects provide not only enhanced Li-ion
diffusivity, which facilitates easy Li-ion transport to the bulk, but
also a stable configuration in fully lithiated form without
significantly affecting the mechanical strength in the case of the
first cycle lithiation. Consequently, this result reflects the reason
why the 3D-Si@SiO«/C exhibits outstanding initial Coulombic
efficiency with no drastic capacity degradation in the first
several cycles, in contrast with conventional Si-based
anode®%?7, (Detailed outcomes regarding the electrochemical
performance of the 3D-Si@SiO,/C will be discussed next.)

To demonstrate Li kinetics in defects of c-Si structure, we
conducted a density functional theory (DFT) simulation of Li
migration in both defect-free c-Si and a particle with a twin grain
boundary. We first examined Li migration in a c-Si structure
composed of 64 Si atoms (2 x 2 x 2 supercell). An interstitial Li
atom was positioned at a tetrahedral (Td) site (Fig. 4d). The
diffusion pathways and activation energy barriers were carried
out using the nudged elastic band (NEB) method. As shown in
Fig. 4e, the Li migration is allowed along the pathway from one
Td to another Td site through a hexagonal (Hex) ring where the
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and corresponding diffusion coefficient in c-Si, amorphous (a)-Si, and through the twin boundary. (h) Geometry of 3D gyroid structure with Si nanoparticle and 2D projected
representative volume element for the Si@SiO,/C network structure. (i) Stress evolution of Si particle in SiO, matrix during lithiation without and with a twin defect. (SOC: state of

charge)

migration energy barrier was calculated to be 0.602 eV in the
[111] direction.>® As shown in Fig. 4f, the twin defect was
generated using a supercell oriented along the usual axis for
defect modeling, £ = [112],9 = [110],2 = [111]. The mirror
plane is normal to y and placed in the middle of the surface. To
reduce effects from the periodic boundary condition, we
introduced void space more than 3.7 A in thickness into the
supercell in the z-direction. The stable Li interstitial sites were
determined by the Delaunay triangulation method to find the

large void sites. The Li interstitial diffuses along the spacious
octagon ring, where the corresponding migration barrier is
0.384 eV. The Li interstitial is easier to diffuse along the twin
boundary and harder to diffuse out along the Td—>Hex—>Td
pathway in the c-Si lattice. Furthermore, the energy barrier of Li
hopping in the twin boundary is lower than that in the
amorphous structures, and the diffusion coefficient is also
higher (Fig 4g)°2. This indicates that the twin boundary provides
enhanced Li-ion diffusivity. Fig. S10 (ESIT) shows representative



results for the Li concentration distribution in the case of Si
nanoparticle with and without a twin defect. Sharp phase
evolution is observed during first lithiation in c-Si*3. The
enhanced diffusivity in the twin defect changes the Li
distribution for c-Si. The radial Li concentration, as shown in Fig.
S10c (ESIT), shows that both center and surface regions are
quickly lithiated in the case with the twin defect, while the Li
barely exists in the central region of the particle without the
twin defect, as shown in Fig. S10d (ESIT).

To explain the mechanical stability in detail, we present the
stress variation in a representative volume element of the 3D
gyroid structure, and a 2D projected gyroid structure with a Si
particle is used for reducing the computational cost (Fig. 4h). In
the initial lithiation, the newly generated Li-Si interphase
expands more toward the surface direction rather than the core
direction. The Si core experiences hydrostatic pressure
(compressive stress) because the SiOx matrix prevents outward
expansion. Although the interconnected network frame of the
SiOx matrix well supports the Si nanoparticle, the relatively thin
matrix in the void generates large von Mises stress, which
results in mechanical failure. On the other hand, with the twin
defect, the enhanced diffusion of Li makes the Li concentration
distribution more even. The asymmetric von Mises stress is also
generated, but the magnitude of values for the von Mises stress
is reduced (Fig 4i and Fig. S11, ESIT). We can argue that more
evenly distributed lithiation ensures mechanical stability and
that the defects in the Si nanoparticles of the 3D-Si@SiOx/C
significantly affect the mechanical strength at the first cycle.

Electrochemical performances and ex-situ TEM and SEM
observations

The electrochemical properties of the 3D-Si@SiOx/C and the
commercially available Si-NP as a reference were estimated to
validate the feasibility of the 3D-Si@SiO,/C as an anode
material. Fig. 52 shows galvanostatic charge-discharge curves of
the first cycle at a current density of 200 mA g1 in the voltage
window of 0.01 V to 2.00 V (vs. Li/Li*). The 3D-Si@SiO,/C anode
presented the same reduction/oxidation behavior as the Si-NP
anode at a typical redox potential of 0.4 V during discharge>,
even though it was a mixed composite of c-Si, SiOy, and C. This
is because c-Si plays a major role in the specific capacity of the
anode. It should be noted that the 3D-Si@SiO/C anode showed
specific charge and discharge capacities of 2043 and 1635 mAh
g1, respectively. In contrast, the Si-NP anode exhibited almost
doubled specific capacities (3704 and 2631 mAh g7,
respectively). Nevertheless, in terms of an anode performance,
the 3D-Si@SiOx/C anode showed not only a large enough
reversible capacity of 1635 mAg g1, but also an outstanding
value for the initial Coulombic efficiency (80.1 %). In addition,
83.3 % discharge capacity retention was observed even after
100 cycles, maintaining over 99.8 % Coulombic efficiency (Fig.
5b and inset). Thus, it seems that the 3D-Si@SiO«/C anode
would give a high energy density even at a reasonable electrode
loading mass of 3.0 mg cm-1. Moreover, the rate-capability was
also characterized, as shown in Fig 5¢c and 5d. Compared to the
discharge capacity of the 3D-Si@SiO4/C anode at the current

density of 200 mA g1, 85 % of the discharge capacity (1342 mAh
g1) was still retained when a current density of 4000 mA g1 was
applied. Also, the capacity returned back stably to its original
specific capacity at the current density of 200 mA g1, even after
undergoing a high current density of 4000 mA g-1.

In order to understand the structural stability of both the
electrode and the particles inside of the 3D-Si@SiO4/C anode
during cycling, detailed microscopic observations were carried
out by using ex-situ field emission SEM (FESEM) and TEM
observations. Fig. 5e, 5f, 5g, and 5h show cross-sectional FESEM
images of the 3D-Si@SiO./C electrode at different states of
charge. The thickness of the pristine electrode was 26.9 um
after compression of the electrode. After full lithiation, the
electrode volume expanded by only 9.3 % from its initial status.
In principle, this result is well consistent with our computational
simulation results on the volume expansion of the gyroid 3D
network with Si@SiO,. Moreover, the electrode still maintained
its volume, even at 100 cycles, after undergoing a slight
shrinkage due to the delithiation. It is expected that the stable
cyclability was caused by its mechanical stability. Other ex-situ
observations for determining the structural stability of the 3D-
Si@SiOy particles during cycling were conducted, as shown in
Fig. 5i, 5j, 5k, and 5l. In these TEM observations, we confirmed
that the expanded Li,Si particles occupied the spaces where the
voids originally were, and the Si particles returned back to their
original positions while maintaining the mesoporous structure
due to the robust SiO,/C framework. Even after 100 cycles, the
structure mainly remained the same, although partially
collapsed and agglomerated particles can be observed (Fig.
S12). Therefore, in sum, the 3D-Si@SiO,/C surely has the
potential for high electrochemical performance, even after
long-term cycling, due to its outstanding high capacity in
coordination with its structural stability.

Thermostability Properties

In order to confirm the thermal stability of the 3D-Si@SiO,/C
anode, we first examined its high-temperature cyclability,
direct reflection of its thermostability
characteristics. Fig. 6a shows first cycle charge-discharge
profiles at different temperatures: room temperature (23 °C,
RT) and 60 °C. It is generally understood that slightly increased
reversible capacity (1746 mAh g1) and relatively low over
potential were shown at 60 °C compared to at RT (1635 mAh g-
1) due to the increase in thermodynamic activity and ionic
mobility at high temperature>. Above all, the 3D-Si@SiOx/C
anode showed good high temperature cyclability with capacity
retention of 79.4 % over 70 cycles as well as maintaining high
oulombic efficiency of 99.6 % (Fig. 6b). To investigate the
thermal stability with temperature, which is closely related to
the thermal reliability of full-cell configurations, DSC
measurements of fully lithiated anodes were performed. Fig 6¢
shows the DSC curves of the 3D-Si@SiOy, 3D-Si@SiO,/C, and Si-
NP electrodes in the state of full lithiation together with
electrolyte inside each cells. The Si-NP electrode underwent
severe exothermic reactions at the temperatures of 270 and
310 °C due to structural collapse followed by continuous

which gives a
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decomposition of lithium silicide phases and the electrolyte>s.
On the other hands, the 3D-Si@SiO,/C showed gentle
exothermic peaks due to its enhanced thermal stability by
incorporation of carbon, while the 3D-Si@SiOx also showed
relatively sharp peaks in the temperature range from 200 °C to
350 °C. In addition, the accumulated heat generation calculated
from the DSC curves was also investigated, as shown in fig. 6d.
From room temperature up to 400 °C, the exothermic enthalpy,

that is to say, the overall heat generation of the 3D-Si@SiO,/C,
the 3D-Si@SiOy, and Si-NP electrodes is 10.0, 14.5, and 21.2 kJ
g1, respectively. This result indicates that the 3D-Si@SiO,/C
exhibits improved thermal stability compared to the Si-NP and
even the 3D-Si@SiOx°. We strongly argue that thermal
reliability is a necessary condition that anode materials must
satisfy and that the importance of thermal stability cannot be
emphasized enough. Consequently, our material can be
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effective for preventing a sudden explosion of the battery under
harsh conditions such as exposure to high temperature or
mechanical compression/ distortion/ stabbing of the battery.
Overall, In order to obtain a high performance Si-based
material, each component in the anode material should
systematically play its role in various aspects, as shown in Fig.
6e. In detail, (I) the gyroid 3D network nanoarchitecture in
electrical, mechanical, and thermal aspects, (Il) the c-Si in the
electrochemical aspect, (lll) the defects in c-Si in the Li*
diffusivity aspect, (IV) the SiOx in mechanical and thermal
aspects, (V) the carbon in electrical and thermal aspects, and
finally (V1) the void space in the mechanical aspect; all should be
combined for the final goal of the Si-anode material.

Conclusions

In this study, in order to optimize the material to obtain better
electrochemical performance, both computational prediction
of the structure and synthetic optimization of the products
were considered. With the synergetic interaction between the
two separate methods, we identified that the Si-based anode
should have a robust and well-aligned 3D network structure
with nanopores to prevent the volume expansion which affects
electrode-level dilatation, as well as having suitable Si, SiOy, and
C contents in order to perform their own roles. Moreover, by
controlling the synthetic conditions, the optimum materials

could be obtained, and the computational predictions could
also be proved.

From the point of view of Si-based anode materials, this 3D-
Si@SiOx/C exhibits three unique features. (I) The 3D network
and mesoporous structure prevents volume expansion and
promotes ion/electron transport when it reacts with Li®7%8,
Consequently, it provides excellent electrochemical
performance. (ll) Incorporation of carbon enhances the thermal
stability of the electrode, which was determined from the
reduced heat flow and moderate exothermic reaction in the
DSC results, and hence, the 3D-Si@SiO./C showed stable high
temperature cyclability. (lll) One-step magnesiothermic
reduction and carbonization synthesis without the use of
hydrofluoric acid indicates the feasibility of mass production
due to its cost-effectiveness and safety. We believe that this
innovative 3D-Si@SiO,/C nanoarchitecture will lead to the
development of anode materials for the next generation of LIBs.

Methods

Numerical simulation modeling

Finite element analysis of the mechanical models was carried
out using COMSOL Multiphysics. For diffusion-induced stress
analysis of Li,Si as function of Li concentration, Young’s modulus
from 90 to 40 GPa and Poisson’s ratio from 0.28 to 0.24 was
adopted®°. Although the Li\SiO; also shows elastic softening due



to Li insertion, we assumed that silica rarely reacts with lithium
in this study.
The increment of elastic strain, dsfj, represents the Hooke’s law:

1

e __
dsij = o)

[(1+v(0))doi; — v(c)doyibij] ()

where E(c) and v(c) are the Young’s modulus and Poisson’s ratio
as function of Li concentration, respectively. oy is the diagonal
components of stress and §;; is the Kronecker delta.

The classical J2-flow plasticity theory is employed to determine
the increment of the plasticity strain, dsiz}, refered to as:

dell = daj; (3)

where 1 is a scalar coefficient calculated by solving the
boundary value problem. The yield strength of pristine Si is set
at 1.75 GPa. Due to the lack of reported values of for the yield
strength of LiSiO,, we found the yield point of 20 GPa for
Lio.125Si0,. (Detailed calculation results including the calculation
method are introduced in Fig. S2, ESIt.)
Analogously, the increment of the compositional strain obeys
following equation (4):

de§ = 22265, (4)
where 2 is the partial molar volume of the solute. As lithium is
inserted into the silicon, the mechanical deformation arising
from lithiation is divided into the reversible elasticity,
irreversible plasticity, and compositional swelling contribution.
The total incremental strain is the sum of each component as
expressed in the equation (5):

de = def; + dsﬁ + def; (5)

A diffusion model containing two-phase interfaces is needed to
investigate the stress evolution in c-Si during the sequencial
lithiation. Based on the classical diffusion equation (6), the two-
phase diffusion model is easily developed.
%~ v (DVo) (6)
at
where cis the normalized Li concentration (c = O for pure Si and
c = 1 for Liz7sSi) and D is the Li diffusivity. The sharp phase
boundary is represented by a nonlinear diffusion coefficient as
function of Li contents®°.

D =D, [lL_C - 2ac] (7)

where Dg is the chemical diffusion coefficient and «a is a
constant to determine the thickness of phase boundary. The
parameters are assigned as a =195 and Dy = 2.04 X
10713 (cm?/s). We set Dy = 1071%(cm? /s) in the twin defect.

Material Preparation

Preparation of the KIT-6 including polymer template: Pluronic
P123 was dissolved in HCI solution and n-butanol was added

and stirred at 35 °C for 1 hour to form a clear solution. After
that, tetraethyl orthosilicate (12.9 g) was gently dropped into
the above solution and kept at 35 °C for 24 hours under stirring.
The mixture was then held at 120 °C for 24 hours for
hydrothermal treatment. After washing in ethanol/HCI solution
and drying, KIT-6 including the polymer template (KIT-6 w/
polymer template) was finally obtained. Also, the KIT-6 w/o
polymer template was obtained through further calcination of
the KIT-6 w/ polymer template at 600 °C for 2 hours under air
atmosphere3°.

Preparation of the 3D-Si@SiO./C: the KIT-6 w/ polymer
template (0.5 g) and magnesium powder (0.5 g, Sigma Aldrich,
>99 %) were put separately inside an argon-filled and sealed
stainless steel reactor (with inner volume of 3 cm3), and then
heated in a tube furnace at 750 °C for 2 hours under argon
atmosphere with the ramping rate kept at 10 °C min-l. The
obtained black powder was first put into 1 M HCI (100 ml) for
12 hours under stirring, then washed with a mixed distilled
water/ethanol solution by centrifugation for 5 times, and finally
filtered and dried in a vacuum oven at 100 °C for 12 hours. By
this process, magnesium oxide and magnesium silicide were
removed, and the 3D-Si@SiO,/C was obtained.

Structural Characterizations

Morphological observations and structural investigations of the
prepared samples were conducted using a field emission
scanning electron microscopy (FESEM, JEOL JSM-7000F) and
transmission electron microscopy (TEM, JEOL JEM-2100F)
equipped with electron energy loss spectroscopy (EELS). The X-
ray diffraction patterns were collected using an X-ray
diffractometer (Empyrean-XRD, PANalytical) with Cu Ka
radiation (A = 1.54056 A). Raman spectra were obtained using a
micro-Raman spectrometer (Bruker, Senterra) with a 532 nm
laser. Thermogravimetric analysis (TGA) for determining the
carbon content of of prepared samples was conducted using a
TGA instrument (TG/DTA 6300, Perkin-Elmer) under air
atmosphere. Specific surface areas and average pore diameters
of the prepared samples were measured using a surface area
and pore size analyzer (Tristar Il 3020, Micromeritics) and
calculated using the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods. To determine the surface and
in-depth chemistry of the 3D-Si@SiO,/C, X-ray photoelectron
spectroscopy (XPS) measurements were performed using a
surface analysis instrument (Sigma probe, Thermo Scientific)
equipped with an argon ion beam sputtering system. In XPS
measurements, XPS signals were continuously collected for a
total of 21 times for 120 seconds with 6 second intervals of
sputtering. The thermal stability of the 3D-Si@SiO,/C and 3D-
Si@SiOx anodes were investigated using differential scanning
calorimetry (DSC) measurements (STARe system, Mettler
Toledo) at the state of full lithiation with the electrolyte.

Electrochemical Measurements

Working electrodes were prepared by coating a slurry
containing 80 wt% active materials, 10 wt% polyacrylic acid
(PAA) binder, and 10 wt% Super-P carbon conductor onto Cu foil



10 pum in thickness. After drying the electrodes in a convection
oven at 80 °C for 6 hours and further drying in a vacuum oven
at 120 °C for 12 hours, the electrodes were pressed to obtain
the pre-set electrode density of 0.4 g ccl. The loading level of
each electrode was fixed at 3.0 mg cm-2 for electrochemical
measurements and 1.0 mg cm2 for microscopy observations.
CR2032 coin-type cells were assembled in an argon-filled glove
box. In the coin cells, lithium metal foil and polyethylene
membrane were used as the counter electrode and separator,
respectively. 1 M LiPFg dissolved in mixed ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) with a volume ratio of
1:2, including 2 wt % of the additive fluoroethylene carbonate
(FEC), was used as the electrolyte. The electrochemical tests
were performed using a WBCS3000 (WonATech) workstation,
and the cells were galvanostatically charged/discharged at
various current densities within the voltage range of 0.01 V to
2.0 V vs. Li/Li*. The electrochemical performance of the 3D-
Si@SiOx/C anode was also measured at high temperature (60
°C) to examine its thermal stability.

Density Functional Theory (DFT) calculations

Ab initio calculations for c-Si and twin boundary were
performed using the DFT method with the generalized gradient
approximation developed by Perdew, Burke and Ernzerhof
(GGA-PBE). The projector augmented wave (PAW) method with
a plane-wave basis set is employed using the Vienna Ab-initio
Simulation Package (VASP)®.62, To describe the electron
configurations for Si and Li, the valence subshells were set as
3s23p? for Si and 1s22s? for Li. With an energy cut-off of 500 eV,
atomic structures, system energies, and mechanical stresses
were calculated. A k-point mesh in the reciprocal-space was set
to 5 x5 x5 for bulk Si and 5 x 5 x 1 for Si twin boundary using
the Monkhorst—Pack scheme. Both the atomic positions and the
supercell shape of c-Si were fully relaxed until the residual
reached below 0.04 eV Al The lattice
parameters of Si twin boundary were fixed at the initial values
and then released in [111] direction only to ensure structural
stability. To valid the Li diffusion behavior in the c-Si
environment, Li migration pathways and activation energy
barriers were calculated by the nudged elastic band (NEB)
method.
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Gyroid structure
Ssinx *cosy +siny *cosz+sinz *xcosx =t

0< |t <V2
Double gyroid structure

Sinx *cosy +siny xcosz +sinz *x cosx = *t

t =40.02

Fig. S1 Gyroid and double-gyroid structure modeling for the continuum scale analysis.
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Fig. S2 Stress and strain curves of lithiated amorphous SiO, (Li,SiO,, x = 0.0125, 0.5, 1.0, and 2.0) based on

first-principles calculations.

The amorphous structures containing 32 Si and 64 O atoms with periodic boundary conditions were
generated by rapid melting-quenching ab-initio molecular dynamics simulation at high temperature. A
supercell with this atomic number is consciously relatively small. Our choice of supercell, however, affords
such studies at a reasonable balance of computational cost and accuracy. These model structures can explore
a large number of possible configurations of Si structures with various Li contents with good statistical

accuracy.

The stress-strain response curves of four representative Li,SiO, compositions (where x represents the atomic
ratio of Li in SiO,) are shown in Fig. S2. The uniaxial tension of Li,SiO, is simulated by applying a constant strain
and full atomic relaxation. To consider Poisson’s effect, the constraint of in-plane direction of the unit-cell is

removed.
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Fig. S3 Continuum scale analysis for the simulation of particle and unit volume changes in silicon-based
materials before and after full lithiation. (a) Si nanoparticle in free space, (b) Si nanoparticle embedded in 1D
SiO, structure, (c) Si nanoparticles embedded in gyroid 3D network structure and the total unit of the gyroid 3D
network for Si@SiO,.



Fig. 2b (inset)

Fig. S4 HAADF-STEM images of highly ordered double-gyroid KIT-6 including a polymer template. Scale bars, 50
nm for (a), 20 nm for (b)
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Fig. S5 (a) XRD patterns collected before HCl washing, (b) TEM images of samples obtained under different
synthesis conditions. (w/ / w/o: synthesized from calcined / uncalcined KIT-6, 675 / 750 / 825: synthesis
temperatures) Scale bars, 50 nm for (b)
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Fig. S6 Galvanostatic charge-discharge profiles (a, c) and cycling performances (b, d) of three w/o samples (a, b)
and three w/ samples (c, d) with Si-NP anode. (e) Table of their electrochemical properties. (w/ / w/o:
synthesized from calcined / uncalcined KIT-6, 675 / 750 / 825: synthesis temperatures, ICE: initial Coulombic

efficiency)
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Fig. S7 (a) N, adsorption/desorption isotherms and (b) pore size distributions of the KIT-6 including the polymer
template and the 3D-Si@SiO,/C. (c) Table of calculated surface area and average pore diameter, as determined
by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively.
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Fig. S8 XRD patterns of the KIT-6 including the polymer template (precursor) and the 3D-Si@SiO,/C (product).
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Fig. S9 (a) XPS depth profiling, and (b) survey, (c) C 1s, and (d) O 1s spectra of the 3D-Si@SiO,/C.
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Fig. S10 Continuum scale analysis for the lithiation evolution of a crystalline Si particle. Li contour plots during
Li evolution (a) without and (b) with a twin defect. Normalized radial Li concentration distribution during
lithiation (c) with and (d) without a twin defect. (SOC: state of charge)
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Fig. S11 The von Mises stress evolution of a crystalline Si particle in the gyroid structure (a) without and (b)
with a twin defect during lithiation. (SOC: state of charge)



Fig. S12 HRTEM observation of partially collapsed 3D-Si@SiO,/C particles after 100 cycles. Scale bar, 20 nm



Description of Additional Supplementary Files

1. File name: Movie 1
Description: volume changes of the Si NP in free space (fig. 1a) while the Si particle occurs
gradual lithiation up to Lis 75Si

2. File name: Movie 2
Description: volume changes of the Si NP in 1D-SiO, (fig. 1b) while the Si particle occurs
gradual lithiation up to Lis 75Si

3. File name: Movie 3
Description: volume changes of the Si NPs in gyroid 3D network SiO, (fig. 1c, up) while the Si
particles occur gradual lithiation up to Lis 75Si

4. File name: Movie 4
Description: volume changes of the total unit of gyroid 3D network Si@SiO, (fig. 1c, down)
while the Si particles occur gradual lithiation up to Lis 75Si



