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ABSTRACT: A novel type of 3D porous Si—G micro/
nanostructure (i.e, 3D interconnected network of graphene-
wrapped porous silicon spheres, Si@G network) was
constructed through layer-by-layer assembly and subsequent
in situ magnesiothermic-reduction methodology. Compared
with bare Si spheres, the as-synthesized Si@G network exhibits
markedly enhanced anodic performance in terms of specific
capacity, cycling stability, and rate capability, making it an ideal
anode candidate for high-energy, long-life, and high-power
lithium-ion batteries.

00 o

O Lay:r by-Layer % Magﬂcsmﬂ\mnm
O O O Assembly Reducunn

5102@60 Network

SiO, Template Si@G Network

3000

—-w‘r‘ ork

FIR

Capacity mAh gy
g

E

H

s 10 15 20 25
Cycle number

KEYWORDS: lithium-ion batteries, anodes, silicon, graphene, interconnected network, magnesiothermic reduction

1. INTRODUCTION

Owing to their high theoretical capacity and natural abundance,
silicon materials have been considered to be the most
promising anode candidates for advanced lithium-ion batteries
(LIBs).! However, the practical application of silicon anodes
has been greatly impeded, primarily because of their huge
volume fluctuation during lithium insertion/extraction, result-
ing in progressive pulverlzatlon, loss of electrical continuity, and
fast capacity fading.>> Moving from conventional bulk to
various micro/nanostructures can solve the aforementioned
issues to a large extent owing to their high surface area and
large pore volume.'”'* However, significant challenges still
remain for these single-component silicon anodes in terms of
cycling stability and rate capability, which originates from their
poor structural stability and low intrinsic electrical conductivity.

To overcome these issues, extensive research has been
concentrated on constructing hybrid anodes by integrating
micro/nanosilicon with carbon matrixes.">™* Among them,
graphene has been proven to be the primary candidate for use
as the buffering/conducting matrix for silicon anodes owing to
its exceptional physicochemical properties in terms of flexibility,
mechanical strength, and electrical conductivity.”® For example,
a series of graphene and its self-assembled scaffolds-supported
silicon anodes exhibit improved structural stability and charge-
transport capability and thus enhanced lithium-storage
performance.”™>' Among them, the self-assembled three-
dimensional (3D) porous graphene scaffolds possess the
structural features of both nanoscale building blocks and
microsized assemblies and thus demonstrate enhanced host
capabllltsy strain accommodation, and charge-transport capa-
bilities.">*”~3° Therefore, the micro/ nanohybrids of silicon and
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3D porous graphene scaffolds are anticipated to display further
enhanced lithium-storage capabilities and to meet the perform-
ance requirements of advanced LIBs for electric vehicles and
electrical grids.

Herein, a novel type of 3D porous Si—G micro/
nanostructure (i.e, 3D interconnected network of graphene-
wrapped porous silicon spheres, Si@G network) was
constructed through layer-by-layer assembly and subsequent
in situ magnesiothermic-reduction methodology. When exam-
ined as a potential anode material for LIBs, the as-synthesized
Si@G network exhibits markedly enhanced lithium-storage
capabilities in terms of specific capacity, cycling stability, and
rate capability.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Si@G Network. First, SiO, sphere
templates with a diameter of ca. 300 nm were synthesized via a
modified Stober method.>’ Then, the 3D interconnected network of
graphene oxide (GO) sheets-wrapped SiO, spheres (SiO,@GO
network) was prepared through a layer-by-layer assembly approach
based on electrostatic attraction between charged species. SiO,
templates were modified with poly(diallyldimethylammonium chlor-
ide) (PDDA) and poly(sodium 4-styrenesulfonate) (PSS) in sequence,
yieldin, 3% positively charged PDDA/PSS/PDDA-modified SiO, tem-
plates.”” Subsequently, the polyelectrolyte-modified SiO, templates
and GO (2:1 w/w) were dispersed in distilled water, stirred for 6 h,
washed with distilled water and ethanol, and then dried at 80 °C in air.
Finally, the as-synthesized SiO,@GO network was mixed with Mg
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Figure 1. Schematic illustration for the synthesis of the Si@G network.
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powder in a mass ratio of 1:1 and then annealed at 650 °C for 6 h
under Ar. Subsequently, the Si@G network was obtained by etching
the formed MgO and possible Mg,Si byproduct with a 1 M HCI
solution.

2.2. Characterization. The morphology, composition, and
structure of the samples were characterized by scanning electron
microscopy (SEM, JEOL JSM-7600F), transmission electron micros-
copy (TEM, Hitachi H-7650, 120 kV), and high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-2010F, 200 kV)
coupled with an energy-dispersive X-ray spectrometer (EDX, Thermo
Fisher Scientific). X-ray powder diffraction (XRD) measurements were
performed with Rigaku D/max-rC diffractometer using Cu Ka
radiation (4 = 0.15406 nm) and operating at 45 kV and 100 mA.
The differential scanning calorimetry and thermogravimetric analysis
(DSC-TGA) was carried out on a Netzsch STA 449C thermal analyzer
at a heating rate of 10 °C min™" in air.

2.3. Electrochemical Measurements of the Si@G Network.
Electrochemical tests were performed by 202S type coin cells that were
assembled in an Ar-filled glovebox (IL-2GB, Innovative Technology).
The anodes were constructed as follows: 70 wt % Si@G network, 15
wt % Super P carbon black, and 15 wt % poly(vinylidene fluoride)
(PVDF) in N-methyl-2-pyrrolidene (NMP) were mixed, and the slurry
was coated on the surface of copper foam at room temperature and
dried under vacuum at 120 °C for 12 h. The graphene matrix was
considered to be part of the active material when calculating the
specific capacities of Si@G network, and the amount of active material
loading on each copper foam was ca. 2 mg. The counter electrode was
lithium foil, and the electrolyte solution was 1 M LiPF; in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1 v/v). Last, the
cells were aged for 12 h before measurements. A galvanostatic cycling
test of the assembled cells was carried out on a Land CT2001A system
in the potential range of 0.01—1.2 V. Cyclic voltammtery (CV)
measurements were recorded on a CHI 660C electrochemical
workstation in the potential range of 0.0—1.2 V at a scan rate of 0.1
mV s™". The voltages mentioned herein were referenced to the Li*/Li
redox couple. All of the electrochemical measurements were
conducted at 20 °C.

3. RESULTS AND DISCUSSION

Figure 1 depicts the schematic diagram for the formation of the
Si@G network. As observed, the SiO, spherical templates were
first wrapped by GO sheets via a facile layer-by-layer technique
based on electrostatic attraction. The strong electrostatic
attraction between positively charged PDDA/PSS/PDDA-
modified SiO, templates and negatively charged GO sheets
facilitates the uniform, continuous, and flexible coating of GO
on SiO, templates, resulting in 3D interconnected SiO,@GO
network. After an in situ magnesiothermic-reduction procedure,
the SiO, spherical templates were converted to porous Si
spheres, and the GO scaffold could be transformed to a
graphene network, yielding a 3D interconnected porous Si@G
network. Figure 2 shows the XRD patterns of the
corresponding samples. As observed, the crystalline phase
from Si@G network (curve c) can be assigned to cubic Si
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Figure 2. XRD patterns of SiO, spheres (curve a), SiO,@GO network
(curve b), and Si@G network (curve c).

(JCPDS: 27-1402) with an average crystalline size of ca. 10 nm,
whereas the SiO, template and SiO,@GO intermediate are
amorphous in nature (curves a and b)."

The morphology and structure of the SiO,@GO network
were further characterized by SEM and TEM (Figure 3). The
observed wrinkles and folds over the entire surface of SiO,
spheres are characteristic of GO sheets, confirming the full
encapsulation of SiO, templates by GO sheets. In addition, the
GO-wrapped SiO, spheres could be easily bridged by GO
sheets owing to their relatively larger lateral sizes, yielding a 3D
interconnected hybrid network. The strong electrostatic
interaction between oppositely charged SiO, and GO together
with the flexibility of GO can be responsible for the formation
of the unique SiO,@GO network. Moreover, a pure graphene
scaffold can be obtained by removing the SiO, cores in the
SiO,@GO network and subsequent chemical reduction of GO
to graphene (Figure 4). As observed, the graphene scaffold
exists in the form of a 3D interconnected network composed of
self-assembled graphene hollow spheres, further confirming the
uniform and continuous coating of GO sheets on SiO,
templates in the SiO,@GO network. Additionally, the 3D
interconnected graphene network could serve as promising
electrodes and/or supporting matrixes for advanced electrodes
in energy storage and conversion systems owing to the
enhanced host capability, structural stability, and electrical
conductivity.*>**

The as-prepared SiO,@GO network could be in situ
converted into a Si@G network via a magnesiothermic-
reduction methodology, which was pioneered by Bao et al
and has been regarded as an economic and scalable approach
for porous silicon materials.” "> Figure $ displays the
morphological, structural, and compositional characterizations
of the Si@G network. As observed from the SEM and TEM
images, the Si—G building block is bridged by graphene matrix
and thus the 3D interconnected structure of the SiO,@GO
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Figure 4. (a, b) TEM images of the 3D interconnected graphene network at different magnifications.

network is well-retained in the Si@G network. The magnified
TEM image (Figure Sd) clearly reveals that its Si—G building
block exists in the form of mesoporous Si spheres fully wrapped
by graphene matrix. Such mesoporosity of Si spheres is mainly
created by selective acid etching of the MgO and Mg,Si
byproduct'®'>'® and is beneficial for the strain relaxation and
contact with electrolyte and thus the improved anodic
performance of the Si@G network. Moreover, the HRTEM
image of an edge part in a Si@G sphere show that the Si
nanocrystals are well-encapsulated within the outer graphene
matrix and the observed lattice fringe in the core region with a
lattice spacing of 0.31 nm originates from the (111) plane of
cubic Si (Figure Se). Figure Sf shows the TEM image of several
Si@G spheres along with their elemental maps of C (yellow),
Si (purple), and their overlap. As observed, Si is mainly

3548

distributed within the core region, whereas C is homogeneously
distributed in the chosen area. The TEM-EDX elemental
mapping results further confirm the formation of the Si@G
network. For comparison, bare Si spheres were obtained via
magnesiothermic reduction of SiO, spheres instead of the
SiO,@GO network with the other conditions unchanged. As
observed, the bare Si product exists in the form of isolated
mesoporous spheres rather than interconnected networks
(Figure 6).

DSC-TGA was performed to determine quantitatively the
graphene content presented in the Si@G network (Figure 7).
As can be seen, the initial weight loss up to 150 °C together
with an endothermic peak at 93.3 °C corresponds to the
removal of physically adsorbed water, whereas the weight loss
between 400 and 700 °C accompanied with an exothermic peak

dx.doi.org/10.1021/am405725u | ACS Appl. Mater. Interfaces 2014, 6, 3546—3552



ACS Applied Materials & Interfaces

dNanocrystals

A’/
"N\ 031 nm

x
L)

Figure S. Morphological, structural, and compositional characterizations of the Si@G network: (a, b) SEM images, (c, d) TEM image, (¢) HRTEM
image, and (f) TEM-EDX elemental mapping of C (yellow), Si (purple), and their overlap.

Figure 6. SEM and TEM images of bare Si spheres.
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Figure 7. DSC-TGA curves of the Si@G network.

at 661.7 °C could be attributed mainly to the combustion of
graphene matrix. Additionally, the subsequent weight gain is
due to the slight surface oxidation of Si nanocrystals. Thus, the
graphene content in the Si@G network is determined to be ca.
17.1% by weight.

Motivated by its microscopic structural features, we
investigated the electrochemical behavior of the Si@G network
as a potential anode material for lithium storage. For
comparison, the lithium-storage performance of bare Si spheres
was also examined under the same conditions. Figure 8 shows
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Figure 8. CV curves of the Si@G network during the initial five cycles
in the potential range of 0.0—1.2 V at a scan rate of 0.1 mV s™".

the first five CV curves of the Si@G network in the potential
range of 0.0—1.2 V at a scan rate of 0.1 mV s71. As observed,

the profiles of these curves are in accordance with the lithium-
storage behavior for Si-based anodes as described previously:
electrolyte + Li* + e~ — solid electrolyte interface (SEI) layer
(eq 1); Si + xLi* + xe™ <> LiSi (0 < x < 4.4) (eq 2)."” In the
first cycle, the cathodic peak at ca. 0.65 V related to the SEI
layer disappears in subsequent cycles, indicating the formation
of a stable SEI film on the Si@G anode surface.'® The
characteristic pair (cathodic, anodic) of current peaks at (0.0—
0.4, 0.36, and 0.53 V) could be attributed to the lithium-
insertion/extraction processes described by eq 2. It should be
noted that the cathodic peaks located at ca. 0.2 V become more
distinct during cycling because of the gradual evolution from
crystalline Si to amorphous Si with repeated lithium-insertion/
extraction processes.">'® Additionally, the intensity of anodic
peaks at 0.36 and 0.53 V increases gradually in the initial five
cycles, suggesting the existence of probable activating processes
in the Si@G network anode."*™*¢

Figure 9a shows the discharge capacities versus cycle number
for the Si@G network and bare Si spheres in the potential
range of 0.01—1.2 V at a current density of 0.05 C (1 C = 4200
mA g'). As can be seen, the Si@G network exhibits
significantly enhanced cycling stability over bare Si spheres,
making it an ideal anode candidate for long-life LIBs. After 25
cycles, the Si@G network is able to deliver a high reversible
capacity of 1299.6 mA h g™', which is much higher than that of
bare Si spheres (431.5 mA h g™'). The improved capacity
retention of the Si@G network can be ascribed to its unique
structrual features of porous spheres, graphene matrix, and 3D
interconnected network, which are also beneficial for enhanced
charge-transport capability and thus high rate capability. Figure
9b reveals the rate capability of the Si@G network and bare Si
spheres at various current densities from 0.05 to 0.1, 0.2, 0.5 C,
and finally back to 0.05 C. The observed discharge capacities of
the Si@G network vary along with current densities, and the
average values change from 1467.5 to 1210.6, 970.7, and 697.8
mA h ¢! and finally reversibly recover to 1096.8 mA h g”'. In
sharp contrast, the discharge capacities of bare Si spheres
decrease much more rapidly with the increase of charging/
discharging rates. These results demonstrate the markedly
improved rate capability of the Si@G network over bare Si
spheres, facilitating its application in advanced LIBs with high-
power densities. Moreover, the lithium-storage capabilities of
the Si@G network could be further improved by optimizing the
amount of graphene matrix, utilizing new binders with higher
concentrations of carboxylic groups, and so forth.3737
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Figure 9. Lithium-storage performance of the Si@G network and bare Si spheres: (a) cycling performance and (b) rate capability.
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Figure 10. Morphological and structural characterizations of the Si@G network in a fully delithiated state (1.2 V vs Li*/Li) after 25 cycles: (a, b)
TEM image, (c) HRTEM image, and (d) TEM-EDX elemental mapping of C (yellow), Si (purple), and their overlap.

Figure 10 displays the microscopic structural features of the
Si@G network in a fully delithiated state (1.2 V vs Li*/Li) after
25 cycles. As observed from the TEM images, the 3D
interconnected network and porous spherical building block
are both well-preserved after repeated lithium insertion/
extraction, indicating the agglomeration and pulverization of
Si nanoparticles could be effectively suppressed (Figure 10a,b).
The HRTEM image (Figure 10c) reveals that the Si
components are fully encapsulated by graphene matrix and
the delithiated Si nanoparticles are amorphous in nature, which
is consistent with the CV curves. Moreover, the TEM-EDX
elemental mapping demonstrates that the silicon and carbon
signals are still evenly distributed within the Si@G spheres,
confirming the uniform distribution of silicon components in
the delithiated product (Figure 10d). These microscopic
structural characterizations of the delithiated product further
demonstrate the excellent structural stability of the Si@G
network anode during cycling, which plays a key role in the
improved lithium-storage capability. Moreover, the proposed
synthetic methodology could open up new opportunities for
constructing silicon-based micro/nanostructures for further-
enhanced lithium-storage capabilities.

4. CONCLUSIONS

We have designed and synthesized a novel type of 3D porous
Si—G micro/nanostructure (i.e., 3D interconnected network of
graphene-wrapped porous silicon spheres, Si@G network) via
layer-by-layer assembly and subsequent in situ magnesiother-
mic-reduction methodology. Owing to its unique structural
features, the as-synthesized Si@G network exhibits higher
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reversible capacity, improved cycling stability, and higher rate
capability compared with bare Si spheres. The significantly
enhanced lithium-storage capability of the Si@G network
facilitates its application as an advanced anode material for LIBs

with long cycle life and high energy and power density.
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