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Silicon nanosheets (Si-NSs) are chemically synthesized using graphene oxide nanosheets as the template. The obtained Si-

NSs, which are aggregations of silicon nanocrystals with size of ~10 nm, are applied directly as anode material for lithium

ion batteries, delivering a reversible capacity of 800 mAh g after 900 cycles at a rate as high as 8400 mA g*. Ex-situ

measurements and in-situ observations certify the positive effect of mesoporous structure on the structual stability of Si-

NSs. The evolution and survivability of the porous structures during lithiation and delithiation cycling are investigated by

molecular dynamics simulations, demonstrating that the porous structure can enhance the amount of “active” Li atoms

during the stable stage of cycling and promote mass capacity, and the prolonged survival of porous structure helps retain

high mass capacity.

Introduction

Lithium ion batteries (LIBs) are deemed as one of the most
practical and effective technologies for electrochemical energy
storage.! They are widely used in a variety of household
electronics, portable electric devices, electric vehicles and so
on. Therefore, developing LIBs with high energy density and
excellent cycling stability becomes critical and urgent for
meeting the continuously increasing energy demands.?2 The
negative electrode material in current commercial LIBs is mainly
graphite, which has a limited theoretical capacity of 372 mAh g-
1.3 Enormous efforts have been made to develop new negative
electrode materials with high specific capacity and high cycling
stability, such as silicon-based and tin-based nanomaterials,*®
metal oxides and related composites,”19 and nano carbon
materials.’>12 Particular attention has been paid to Si for its high
theoretical capacity (4200 mAh g for Lis4Si), low reaction
potential (~0.5 V versus Li/Li*) and abundance of reserve in the
earth. Therefore, Si has been regarded as one of the most
promising anode candidates for the next-generation LIBs.
However, the huge volume expansion (>300 %) during the
lithiation process causes severe structural damage, extremely
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unstable solid electrolyte interphase (SEl) and significant
capacity fade, which hinder the practical applications of Si in
LIBs.1314 Many approaches have been proposed to tackle these
tough issues of Si. Reducing the Si dimensions to nano- or
one of them. Moreover,
constructing Si nanowires, nanotubes, hollow and porous

subnano-scale is studies on
spheres, and core-shell and yolk-shell nanostructureshave also
shown discernible progress.’>20 For instance, Si nanowires
delivered a reversible capacity of ~1000 mAh g1 with 90 %
capacity retention over 100 cycles.?! Hollow Si spheres with
inner radius of 175 nm and outer radius of 200 nm exhibited a
reversible capacity of 2725 mAh g1 and 48 % capacity
degradation after 700 cycles.1” However, the fabrications of Si
nanostructures often apply chemical vapor deposition (CVD)
which involves the use of toxic and expensive precursors.
Therefore, environmentally friendly, cost-effective and scalable
synthesis of Si nanostructures with outstanding electrochemical
performance is still a challenge. As a typical low-dimensional
nanostructure, two-dimensional (2D) materials, owning to their
nanoscale thickness and microscopic lateral dimensions, have
shown many unprecedented properties and been explored for
potential applications in lithium-ion storage.2224 For example,
Park et al. prepared Si-NSs via chemical reduction of natural
clays and used them as anode materials of LIBs. The initial
Coulombic efficiency obtained was only 42.4 % and the cycling
stability degraded rapidly.2> Hong et al. improved the cycling
performance of sand-induced Si-NSs by encapsulating the
reduced graphene oxide and achieved a reversible capacity of
~1500 mAh g1 after 50 cycles.2® However, the initial Coulombic
efficiency was unsatisfactory and the long-term cycling
performance was still poor.

In recent years, porous Si
increasing attention because of their superior capability to
accommodate the volume expansions of Si and therefore

nanostructures have attracted



enhance the cycling stability. Moreover, porous structure can
create efficient channels for the rapid transport of lithium ions
and facilitate the transport of electrons and ions throughout the
electrode. Yang et al. synthesized a mesoporous Si anode using
SBA-15 silica as Si source, showing a high initial capacity of 2727
mAh g1, However, the capacity dropped quickly and the
capacity retention at the 100th cycle was only 53 % against that
of the 2nd cycle.?’” Zhou et al. reported a mesoporous Si
nanowires anode material via metal-assisted chemical etching
process, which exhibited a reversible capacity of 1000 mAh g
at 1 C and good cycling stability.?® Nevertheless, the costly
synthesis process cannot meet the requirements from
industries. More recently, Yang et al. prepared a porous Si
material by a solvothermal reaction followed by a high-
temperature annealing process, showing a reversible capacity
of 1577 mAh g1 at 1 A gt and outstanding rate performance.??
However, the complicated preparation procedure, toxic and
expensive Si source may hinder its mass production.

Herein, silicon nanosheets (Si-NSs) anode with porous structure
was fabricated and evaluated as anode material for LIBs. Ex- and
in-situ characterizations were carried out to study the structural
features of the material. Besides, the evolution and survivability
of the porous structures during the lithiation and delithiation
cycling were investigated wusing molecular dynamics
simulations. The result of this study can serve as guideline for
the design and fabrication of the Si-based anode material for
the next-generation LIBs.

Experimental sections

The Preparation of GO

Graphite oxide is first synthesized from natural graphite flakes
based on a modified Hummers method.3%3! The prepared
graphite dispersed in
ultrasonication to get the homogeneous GO aqueous dispersion

oxide is deionized water by
for use.

The Synthesis of GO/SiO,

Silica layers are grown on the surfaces of GO nanosheets via the
hydrolysis of TEOS. Typically, NaOH (0.1 g) and
cetyltrimethylammonium bromide (CTAB) (2 g) are dissolved in
GO dispersion (400 mL) under mechanical stirring to form a
brown solution. Subsequently, TEOS (5 mL) is dropped into the
brown solution (GO/NaOH/CTAB) under stirring, and the
reaction mixture was stirred for 10 h at a temperature of 40 °C.
GO/Si0; is collected by centrifugation, washed thoroughly with
diluted HCI, ethanol and deionized water, and finally freeze
dried.

The Synthesis of m-SiO; and Si-NSs

m-SiO; is prepared through a one-step calcination of GO/SiO; in
a furnace under a flow of dry air at 750 °C and stabilized for 2 h.
Si-NSs are synthesized by the magnesiothermic reduction
method. In a typical preparation, m-SiO, powder, NaCl and Mg
in weight ratio 1:10:0.9 are mixed and loaded into a Swagelok-
type reactor under the protection of Ar atmosphere. The sealed
reactor is loaded in a tube furnace and heated at 700 °C for 6 h
under an Ar atmosphere. After cooling down to room
temperature, Si-NSs are obtained after washed with diluted HCI
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and HF solution to remove MgO and residual SiO,, respectively.
For comparison, the sample produced without adding NaCl
while keeping all other preparation conditions unchanged, is
prepared and designated as Si-W/O-NacCl.

Characterization

Field scanning microscopy (SEM)
measurements are conducted on a Helios FIB 600i field emission

emission electron
scanning electron microscope operated at 15 kV. Field emission
transmission electron microscopy (TEM) and high resolution
TEM (HRTEM) characterizations are performed on a Titan G2
60-300 field emission transmission electron microscope
operated at 200 kV. Nitrogen adsorption and desorption
isotherms are obtained using a Micromeritics ASAP 2020
system. The pore size distribution (PSD) is calculated from the
adsorption branch using the Barrett-Joyner-Halenda method. X-
ray powder diffraction (XRD) measurements are performed on
a Rigaku-TTRIII diffractometer using Cu Ka radiation.
Electrochemical measurement

Electrochemical experiments are performed using CR2025 coin-
type cells. To prepare working electrodes, Si-NSs, acetylene
carbon black and sodium alginate binder in mass ratio 3:1:1 are
mixed with deionized water sufficiently with pestle and mortar.
The obtained slurry is pasted onto a Cu foil and dried overnight
at 80 °Cin avacuum oven. The dried electrode is assembled into
a half-cell in an ultra-pure argon filled glove box with a lithium
foil used as the counter electrode and 1 M LiPF¢ in ethylene
carbonate and diethyl carbonate (EC:DEC = 1:1) with a 10 vol.%
fluoroethylene carbonate (FEC) additive as the electrolyte. The
typical loading of the active Si-NSs on the electrode was 0.8 mg
cm2. Cells are assembled in an ultra-pure argon filled glove box.
Galvanostatic discharging-charging is carried out on a LAND CT-
2001A in the potential range 0.01-1.2 V (vs. Li*/Li). Cyclic
voltammograms (CV) experiment is performed on an
electrochemical workstation (P4000) with a potential window
range 0.01-1.2 V (vs. Li*/Li) at a scan rate of 0.1 mV s'1. The rate
capability is calculated based on the theoretical capacity of Si (1
C=4200 mA g'1).

MD simulations

Molecular Dynamics simulation is conducted by using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package3? with charge equilibrium toolkit33-3>is used to conduct
to Molecular Dynamics simulation. The interaction between Si
and Li is described by the reactive force field (ReaxFF)
potential,?® which has been proved applicable in simulating the
alloying process of Li and Si.3643The porous structure inside the
Si-NSs is modelled by introducing a series of periodically
distributed pores of the same size (see Fig. 6a). The unit cell with
one single pore is created by removing atoms from a single
crystalline Si cube with dimension of ~7 nm in each direction
(Fig. 6b and c). Periodic boundary

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Characterization of Si-NSs. (a, b) SEM images, (c, d) TEM
images, (e) HRTEM image, (f) SAED pattern, (g) XRD pattern, (h)
N2 sorption isotherm and the corresponding pore-size
distribution (inset).

conditions are applied in both in-plane directions. The out-of-
plane direction is along [010] orientation of Si crystal. As
indicated by the SEM image in Fig. 1a, lithiation and delithiation
should occur on both sides of the sheet; so in order to save the
computation time, the calculation model is further simplified by
using a reflective boundary condition based on the physical and
geometrical symmetry in [010] direction of the sheet. The
simulations of lithiation-delithiation cycles are carried out at a
temperature of 300 K with Berendsen thermostat** and the
time step is 0.2 fs.*° The possible interaction of the anode with
the surrounding substances such as binder or carbon black is
neglected363842 and thus the sheet can deform along all
directions without any mechanical constraints. This treatment
is consistent with the morphology of the porous Si-NSs anode
shown in the SEM image (Fig. 3a). In simulations, lithiation can
spontaneously happen when the Li atoms touch the Si cell,363°
42 while delithiation is achieved by randomly removing Li atoms
from the lithiated Si.*> Software of OVITO is used for
visualization and post-processing.*>

This journal is © The Royal Society of Chemistry 20xx
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Results and Discussions

Two-dimensional graphene oxide supported silica (GO/SiO,) is
firstly fabricated via the hydrolysis of tetraethylorthosilicate
(TEOS) with the aid of cetyltrimethy ammonium bromide (CTAB)
as the surfactant. Mesoporous silica (m-SiO;) is obtained by the
calcination of GO/SiO, under air atmospheres. Then, Si-NSs are
synthesized via the magnesiothermic reduction of m-SiO, with
the assistant of NaCl as the heat scavenger. More details are
available in Experimental Section and Supplementary Material.
Characterization of the Porous Si-NSs

The morphology of the obtained GO, GO/SiO; and m-SiO; is
examined by scanning electron microscope (SEM) and
transmission electron microscope (TEM). The as-prepared GO
manifests a typical 2D wrinkled and thin sheet-like structure
with the lateral size up to 10 um as shown in Fig. S1a and b. The
inset of Fig. S1b shows the selected-area electron diffraction
(SAED) pattern of GO, and the sharp diffraction pattern implies
the crystalline structure of carbon in GO.*¢ Fig. S1c and d show
the SEM and TEM images of GO/SiO,. It is apparent that
GO/SiO; is composed of many free-standing 2D sheet-like plates
with lateral size up to 1 um, demonstrating that GO matrix are
ripped into small pieces during the attaching of SiO,. Compared
with the bare GO, there is an obvious increase in the cross
section. Besides, no free silica particles or naked GO sheets are
detected, demonstrating the perfect coating of silica layer on
GO. The resulting m-SiO; sheets after the removal of GO possess
a wrinkled structure and the obtained silica nanosheets is about

50 nm in thickness as shown in Fig. Sle and f and Fig. S3a. The
elemental composition of the as-prepared m-SiO; are analysed
with the aid of XPS. As illustrated in the survey XPS spectra in
Fig. S2a, Si 2p, Si 2s, O 1s and O KLL with narrow sharp peaks
arewere observed in m-SiO,. Besides, trace amount of C is also
detected as shown by the Cls peak at ~284.6 eV,-which-should
| . hichl . . bil £ wps

eV further confirm the pure silica phase in m-SiO,. Nitrogen
adsorption-desorption measurements are carried out for m-
SiO; as present in Fig. S2b, which displays a representative type
IV isotherm characterized by the H2 hysteresis loop, indicating
the mesoporous structure of m-SiO,. The BET surface area and
total pore volume for m-SiO; are calculated to be 797 m2 g1 and
0.89 cm3 g1, respectively. From Fig. S2c, it can be seen the
Barrett-Joyner-Halenda (BJH) pore size of m-SiO; is in the range
of 2-4 nm, which is consistent with the HRTEM image (Fig. S1h).
Si-NSs are synthesized via magnesiothermic reduction of m-SiO,
with NaCl used as the heat scavenger. The morphology and the
crystalline structure of the obtained Si-NSs are shown in Fig. 1.
After the reduction, Si-NSs maintain the original 2D sheet-like
structure with rough surface, which is ascribed to
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Fig. 2. (a) Cyclic voltammetry characteristics of Si-NSs; (b)
Charge-discharge curves of Si-NSs electrodes at a current
density of 0.1 C; (c) Cycling performance of Si-NSs at different
rates, and the cells are cycled at 0.1 C for the first 5 cycles and
1 C or 2 C for the later cycles; (d) Nyquist plots of Si-NSs
electrode for selected cycles; (e) Delithiation cycling
performance and Coulombic efficiency of Si-NSs at high current
density of 2 C, and the initial 5 cycles are tested at a rate of 0.1
C(1C=4200 mAg?).

the aggregation of Si nanocrystals (see Fig. 1a and b). The
thickness of the obtained Si-NSs is about 30 nm as shown in Fig.
S3b. To demonstrate the heat-scavenging effect by the NaCl
additive on the morphology of Si products, m-SiO, nanosheets
are also thermically reduced by Mg without addition of NaCl and
the obtained Si is characterized by SEM (see Fig. S4). It is evident
that the original sheet-like structure is destroyed and the
obtained Si product denoted as Si-W/O-NaCl exhibits a
disordered morphology. This is attributed to the collapse of m-
SiOz and the agglomeration of the as-synthesized Si domains
due to the massive heat release from the reaction of
magnesiothermic reduction.*” The TEM images shown in Fig. 1c
and d further demonstrate the highly porous structure of the Si-
NSs sample. High resolution TEM (HRTEM) observation (see Fig.
1le) indicates that Si-NSs are composed of interconnected silicon
nanocrystals with size of ~10 nm and lattice fringe spacing of
~0.32 nm which is consistent with spacing between (111) planes
of polycrystalline silicon. Fig. 1f shows the SAED pattern of Si-
NSs, indicating the typical (111), (220) and (311) diffraction rings
of polycrystalline silicon. X-ray powder diffraction (XRD)
measurement is performed to further characterize the phase
and purity of Si-NSs. As shown in Fig. 1g, the (111), (220), (311),
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(400) and (331) peaks imply the high crystallinity of silicon.
Given the location of 26= 28° for the (111) peak and the wave
length of the applied radiation A= 0.154 nm (Cu Ka), application
of the Bragg’s law gives a lattice fringe spacing of ~0.32 nm,
which is in good agreement with the measurement from the
HRTEM image (Fig. 1e). The pore structure of Si-NSs is further
investigated by nitrogen adsorption-desorption isotherm
measurement. The results are shown in Fig. 1h. The BET surface
area of Si-NSs is 146 m2 g and the main pore size distribution
is in the range of 16-32 nm (Fig. 1h inset). Based on the BJH
theory, the average pore size and the pore volume per unit mass
can be estimated as about 20 nm and 0.8 cm? g1, respectively.
To examine the electrochemical performance of the as-
prepared 2D porous Si-NSs, coin-type half-cells are constructed
by using them as the anode active materials and Li metal as the
counter electrode (see Methods for details). Fig. 2a shows the
initial 10 cycles of the cyclic voltammetry characteristics
obtained at a scan rate of 0.1 mV s'! with a potential range of
0.01-1.2 V. One pronounced cathodic peak at 0.22 V and two
anodic peaks at 0.35 V and 0.51 V can be ascribed to the
lithiation and delithiation process, respectively.*® The increase
of the CV peak intensity indicates the occurrence of activation
process over the first few cycles. Fig. 2b displays the typical
voltage capacity profiles of the Si-NSs anode at the discharge-
charge rate of 0.1 C. The Si-NSs electrode exhibits an initial
discharge capacity (lithiation capacity) of 3448 mAh g1, which is
nearly 82% of its theoretical value (4200 mAh g1). The
irreversible capacity loss in the first cycle (26%) is mainly
attributed to the formation of the SEI layers, which agrees well
with the results of the CV studies. The discharge capacity of the
2nd and 3rd cycles remains stable at 2754 and 2692 mAh g1,
with the corresponding charge capacity (delithiation capacity)
being 2627 and 2594 mAh g, respectively. Thus, much higher
columbic efficiency of 95% and 96% can be obtained, indicating
the superior Li-ions insertion-extraction reversibility in the Si-
NSs electrode. The cycling performance of the Si-NSs electrodes
at different current densities of 0.2 C, 1 Cand 2 Cin the voltage
range of 0.01-1.2 V is shown in Fig. 2c. At the current density of
0.2 C, the Si-NSs electrode delivers an initial charge capacity of
2118 mAh g* with a coulmbic efficiency of 70 %. The reversible
capacity of Si-NSs anode increases in the initial several cycles
and retains almost 100 % capacity until 29 cycles. Moreover,
after 100 deep discharge-charges cycles, a reversible charge
capacity of 1901 mAh g1 is obtained with a fading rate as low as
0.1 % per cycle. Although the charge capacities decrease when
the rates increase to 1 C and 2 C, high capacity retentions are
detected. After being activated for the initial 5 cycles at a rate
of 0.1 C for the formation of a stable SEI layer, the reversible
capacities of Si-NSs electrodes at the 6th cycles are 1913 and
1525 mAh g1, respectively. After 100 cycles, the reversible
capacities of Si-NSs are 1712 and 1150 mAh g1 at the rate of 1
C and 2 C, respectively. It is worthy to note that these levels of
capacity retention are achieved without applying additional
carbon coating. The electrochemical impedance spectra (EIS)
measurement of Si-NSs electrode is conducted to analyze the
discharge-charge

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Cross-sectional SEM images of Si-NSs (a) before and (b)
after 100 cycles at 0.2 C; (c, d) TEM images of Si-NSs after
cycling.

kinetics. The Nyquist plots of Si-NSs electrode before cycling
and after 3, 5, 10 and 50 cycles are shown in Fig. 2d. The
decreased semicircle at the high frequency after cycling
demonstrates the small charge transfer resistance, which
implies a good cycling performance of Si-NSs electrode. Fig. 2e
shows the cycling performance and coulombic efficiency of Si-
NSs. During cycling test, a current density of 0.1 C (0.42 A g?) is
applied in the initial 5 cycles and the current density is
maintained at a high level of 2 C (8.4 A g1) from the 6th to the
1000th cycle. Results show that even with such a high current
density, a reversible capacity of 1126 mAh g1 can be achieved
after 300 cycles. Although the reversible capacity of Si-NSs is
fading upon long-term cycling, the reversible capacity is still
higher than 800 mAh g1 after 900 cycles. Even after the cell is
let stand for 10 days, the anode can have a capacity higher than
590 mAh g! after 1000 more cycles (see Fig. S5). For
comparison, Table S1 lists the electrochemical performances of
some Si-based anodes reported. The ultrathin nanosheets and
the large surface area induced by the pores can facilitate the
fast lithium insertion-extraction and the electron transport,
which enables the anode to bear large current density.
Additionally, the internal pores can accommodate the large
lithiation-induced volume expansion, which helps protect the
structural integrity of the electrodes and ensures the excellent
cycling stability.*°

To further demonstrate the stability of Si-NSs, the half-cells
after cycling tests are disassembled and the Si-NSs electrodes
are investigated. Fig. S6 compares the morphology of the
electrode material on the current collector between Si-NSs and
the commercial nano-Si particle. Obviously, good attachment of
Si-NSs anode with the copper current collector is maintained. In
contrast, the Si particle electrode largely detaches from the
copper current collector, which should be responsible for the
capacity fade. SEM imaging on the cross-section of the Si-NSs
before and after cycling are carried out, as shown in Fig. 3a and
b respectively. It can be observed that the Si-NSs electrode
maintains the original integrity and exhibits only 17% change in
thickness after cycling,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. In-situ TEM observation of the lithiation process of Si-NSs.
(a, ¢, d, e) Time-resolved TEM images of Si-NSs upon lithiation.
SAED images of Si-NSs (b) before and (f) after lithiation.

reconfirming the superior structural stability of the Si-NSs
electrodes. The Si-NSs after cycling is disassembled and rinsed
with dimethyl carbonate. Fig. 3c and d show the morphology of
the electrode. It can be seen that the porous structure of the Si-
NSs still exists after these charging-discharging cycles. Such
good stability can be ascribed to the porous nature of the as-
synthesized Si-NSs. For non-porous active material reported,
porous structure can also be created by the lithiation-induced
expansion and diffusion of the lithium ions,>°-52 but the integrity
of the anode and the contact with current collector are
damaged due to the drastic deformation.

In-situ TEM experiment is performed to show the structural
evolution during lithiation process. The setup of the half-cell
used for the in-situ TEM test is illustrated in Fig. 4a. Fig. 4a and
c-e show the microstructural evolution of Si-NSs during the in-
situ lithiation process which lasted for 210 s. Lithiation would
happen once the Si-NSs contact the Li,O/Li electrode and a
negative potential of -10 V is applied to the nanosheets. At the
beginning of the experiment (Fig. 4b), the rings of the SAED
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(a)

Reflective boundary condition

Fig. 5. lllustration of the simulation model with an initial
porosity of 20%. (a) A global view of the simulated porous sheet.
(b) The view of the unit cell from [221] direction. (c) The view of
the unit cell from [100] direction. Periodic boundary conditions
are used along [100] and [001] directions to represent an
infinitely large sheet. A reflective boundary condition is applied
to reduce the computational consumption. The white dashed
line shows the profile of the pore. Lithiation occurs along the
[010] direction.

pattern (inset in Fig. 4b) correspond to crystalline silicon can be
observed, and after 210 s, the Si-NSs are fully lithiated and the
structure transforms from crystalline into amorphous (Fig. 4f).
The change of distances between two pairs of material points is
tracked, as shown in Fig. 4a and c-e. The linear strain of our Si-
NSs is estimated to be on the order of magnitude of a few tens
of percent, which is smaller than the other Si electrodes as
reported in the literature.>%5354 The volume expansion is
significantly reduced due to the unique 2D porous structure and
the well-organized Si nanocrystals. Thus the lithiation-induced
pulverization is prevented and stable electrochemical
performances are achieved.

Molecular Dynamics (MD) simulation for the performance of the
porous Si-NSs

In order to further explain the outstanding electrochemical
performances of our porous Si-NSs electrodes from an atomistic
perspective, we conduct molecular dynamics (MD) simulation,
which has been proved capable in modeling the alloying process
between Liand Si.3643 In accordance with the SEM images of the
porous Si-NSs (Fig. 1a), four crystalline porous Si-NSs electrode
models with different initial porosities (including three porous
models: 20%, 37% and 58%, and a solid counterpart) are
constructed. Here, the pores are modelled as hollow
hemispheres (see Fig. 5), and a specific porosity of the sheet is
obtained by tuning the diameter of the hemisphere. Cyclic
lithiation-delithiation processes are simulated. The mass
capacity and the volumetric capacity of each electrode after 10
cycles are investigated; the porosity of each electrode after
each cycle is also calculated based on the obtained atomistic
configuration. Because the initial coulombic efficiency of the
anode (see Fig. 2e) is less than 100%, here we consider a partial
delithiation mode, in which the Li atoms are partially extracted
from the anode during the delithiation. Fig. S6 elaborates the
simulation of partial delithiation. More details regarding the MD
simulations are available in Methods and Supplementary
Material.
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Fig. 6. (a) The mass (black line) and volumetric (blue line)
capacities of anodes with different initial porosity after 10
lithiation-delithiation cycles. (b) The evolution of the porosity of
the different porous Si-NSs anodes with the cycle number. (c),
(d) and (e) The developments of the porous structure during
lithiation-delithiation cycles of the anodes with initial porosity
of (c) 58 % (d) 37 %, and (e) 20 %. Red and blue spheres
represent Si and Li atoms, respectively. The percentage under
each panel is the current porosity of the structure. The left,
middle, and right panels show the porous structure in initial
state, after 5 lithiation-delithiation cycles, and after 10 cycles,
respectively.

delithiation process and then normalized by that of the solid
(non-porous) one. The normalized volumetric capacity, ¢, can
be obtained from the equation ¢, = ¢,,(1 —@), where @ stands
for the initial porosity of the anode. Fig. 6a shows the
calculation results of the normalized mass and volumetric
capacities. It can be seen that as the initial porosity increases,
the mass capacity also increases while the volumetric capacity
decreases, indicating that improving both mass and volumetric
capacities simultaneously is a challenge. There is a trade-off
between the mass capacity and the volumetric capacity for an
anode material. The selection of the optimal porosity depends
on whether volume or mass is the dominant concern for the
particular application.
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To elucidate the underlying dependence of the capacity on the
initial porosity, we examine the evolution of the porosity within
the 10 cycles, as shown in Fig. 6b. The porosity of the porous
electrode drops after 10 cycles, implying that the volume
occupied by the lithiation-induced expansion cannot be fully
recovered after delithiation. This is basically due to the plastic
deformation of the ductile lithiated Si.>>%0 |n contrast, the
porosity of the solid (non-porous) electrode grows with the
cycling number, implying that solid (non-porous) electrode
becomes porous after lithiation-delithiation cycles. Fig. 6c, d
and e graphically show the evolutions of the atomistic porous
structure for the three porous cases shown in Fig. 6b. The
evolution of the porous structure in combination with the
profile of mass capacity indicates that electrodes with higher
initial porosity would exhibit higher mass capacity after 10
cycles. This is reasonable because porous structure can increase
the surface area of the electrode and thus reduce the diffusion
distance of Li in Si during lithiation and delithiation processes,
which facilitates the Li atoms to move in and out of the surface
of Si. As some of the Li atoms that participate in the initial
lithiation process are unable to be extracted from the electrode
in the subsequent processes due to various reasons (e.g.
formation of SEI, etc.), only those Li atoms (the “active” Li
atoms) capable of shuttling between electrode and electrolyte
constitute the stable mass capacity of the electrode. In other
words, porous structure enhances the amount of “active” Li
atoms during the stable stage of the cycling and consequently
promotes the mass capacity. The longer the porous structure
survives, the longer the high mass capacity can be retained.

Conclusions

In this paper, nanosheets were prepared for
and
evolution and survivability of porous structures during cycling.
The unique structure of the porous Si-NSs facilitates effective

transportations of electrons and lithium ions and largely

porous Si

evaluating electrochemical performance illustrating

enhances the electrochemical performances including the
specific capacity, lifespan and rate capability. The economic
fabrication processes of the porous Si-NSs are believed to help
reduce the fabrication cost of LIBs. Molecular dynamics
simulation is applied to study the relationship between capacity
and the porosity during lithiation-delithiation cycling, giving an
explanation to the excellent electrochemical performances of
the Si-NSs. We believe that our work would not only facilitate
the design of 2D material as energy material, but also promote
the advent of the next generation LIBs.
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