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ABSTRACT: Alloy anodes possessed of high theoretical capacity show great
potential for next-generation advanced lithium-ion battery. Even though huge
volume change during lithium insertion and extraction leads to severe problems,
such as pulverization and an unstable solid—electrolyte interphase (SEL), various
nanostructures including nanoparticles, nanowires, and porous networks can
address related challenges to improve electrochemical performance. However,
the complex and expensive fabrication process hinders the widespread
application of nanostructured alloy anodes, which generate an urgent demand
of low-cost and scalable processes to fabricate building blocks with fine controls =
of size, morphology, and porosity. Here, we demonstrate a scalable and low-cost 3 510 ]
process to produce a porous yin-yang hybrid composite anode with graphene -
coating through high energy ball-milling and selective chemical etching. With
void space to buffer the expansion, the produced functional electrodes
demonstrate stable cycling performance of 910 mAh g~' over 600 cycles at a
rate of 0.5C for Si-graphene “yin” particles and 750 mAh g™" over 300 cycles at 0.2C for Sn-graphene “yang” particles. Therefore,
we open up a new approach to fabricate alloy anode materials at low-cost, low-energy consumption, and large scale. This type of
porous silicon or tin composite with graphene coating can also potentially play a significant role in thermoelectrics and
optoelectronics applications.
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B INTRODUCTION

The ever growing requirement of energy storage and electrical

To address these failure problems, a wide range of material
design concepts have been developed in the past decades.
Mechanical fracture is avoided by decreasing the material
feature size to the nanoscale, such as nanoparticle,n_19
20225 o notube, 262
Besides, conformal graphene coating is another effective
strategy with the following three advantages.‘%_41 First,
graphene is intrinsically highly electron conductive and ionic
penetrating through defects, which can remain the electro-

equipment has driven the increasing research efforts toward
next-generation advanced rechargeable lithium-ion batteries
(LIBs), especially high energy and power density electrode
materials.' > Alloy anodes possessed of high theoretical

. 29-35
nanowire, and porous network.

capacity show potential advantages. In the same main group
of the periodic table of elements as the commercial anode of
graphite, the silicon and tin element demonstrate high
theoretical capacity of 4200 mAh ¢! and 994 mAh g™
through binding 4.4 lithium ions of each alloy atom to form

chemical activity of fractured pieces. Second, the mechanically
strong and flexible graphene layer can confine the inner alloy
materials and preserve initial structures. Third, graphene can be

Li,,Si and Li,,Sn alloys, respectively."”” However, huge
lithium accommodation leads to ~300% volume change for
both Si and Sn alloys, resulting in severe problems, such as
pulverization and unstable solid—electrolyte interphase (SEI)
and generated capacity fading and limited cycle life.">"'
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used as an electrolyte-blocking layer because any possible
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defects of graphene can be sealed by the SEI to prevent
electrolyte infiltration through the conformal shell, which can
provide a stable SEI layer on the outer graphene layer.
Therefore, a conformal graphene-coated nanostructure alloy
anode is expected to demonstrate stable cycling performance.
However, the existing processes for producing graphene-coated
alloy nanoparticle are still largely limited to a few expensive,
complex, and energy-intensive processes, such as a high-
temperature procedure for converting silicon precursors (such
as silane) into a silicon nanoparticle, complex chemical
synthesis with tin salt solution for Sn nanoparticle, and
chemical vapor deposition with methane precursors and
metal catalyst for graphene coating. In order to further enable
widespread applications, a large-scale and low-cost process to
fabricate these functional building blocks is urgently needed,
which requires finely controlled morphology and porosity to
enable high Coulombic efficiency and stable electrochemical
performance.

Here, we demonstrate a low-cost, low-energy consumption
and scalable method to fabricate two kinds of graphene-coated
porous alloy anodes at the same time. Through high-energy
ball-milling the mixture of low-grade silicon, metallic tin, and
graphene, a yin-yang hybrid composite was obtained, in which
silicon (yin part) and tin (yang part) homogeneously mix
together within thin layers of graphene.”” By selective chemical
etching to remove the silicon or tin part, a porous silicon—
graphene or porous tin—graphene composite can relieve the
generated stress because of void space in the structure, which
demonstrates a stable performance of 910 mAh g~' over 600
cycles at a rate of 0.5C for Si—graphene “yin” particles and 750
mAh g~' over 300 cycles at 0.2C for Sn—graphene “yang”
particles. This type of porous silicon or tin composite with
graphene coating derived from low-cost, low-energy con-
sumption and large-scale synthesis is also beneficial for
thermoelectrics and optoelectronics applications.

B EXPERIMENTAL SECTION

2.1. Fabrication Processes of Porous Silicon—Graphene or
Tin—Graphene Composites. 98% metallurgical-grade silicon, tin
powder (325 mesh, Alfa Aesar), and graphene were used as received to
prepare porous silicon—graphene or tin—graphene composites via a
high-energy mechanical mill (HEMM) and selective chemical etching.
First, metallurgical Si (~$1/kg) chock is used as the starting material
and then is broken by a hammer into millimeter fragments. Next,
metallurgical Si powder is obtained through a HEMM for 4 h at a
speed of 750 r min~". Then a mixture of metallurgical Si powder, tin,
and graphene with a weight ratio of 4.5:4.5:1 was ball-milled at a speed
of 400 r min~" for 4 h to form a hybrid composite, in which silicon
(yin part) and tin (yang part) homogeneously mix together inside the
graphene layer. The Si—Sn—graphene powder was then immersed in
HCIl or KOH solution for 15 min to selectively etch Sn or Si,
respectively. The final porous silicon—graphene or porous tin—
graphene composites were obtained from a series of continuous
operations including centrifuge, washing three times with deionized
water and ethanol, and drying in a vacuum oven at 80 °C for 8 h to
prevent oxidation.

2.2. Material Characterizations. We applied scanning electron
microscopy (Dual-beam FIB 235, FEI Strata) to characterize the
morphology of the obtained composites. Transmission electron
microscopy (JEM-200CX) is then used to further confirm the detailed
structure. To distinguish the composition, the X-ray diffraction
spectrum (Rigaku Ultima X-ray IV diffractometer) is employed,
along with a Cu Ka 1° min™". Nitrogen sorption isotherms were
acquired using a surface area and porosity analyzer (Tristar
micromeritics) at —196 °C.

2.3. Electrochemical Testing. To test the electrochemical
performance of the obtained anode composites, we prepared the
anode on conductive current collectors (copper foil). The electrode
slurry was made up of the received porous silicon—graphene or tin—
graphene composite, CMC binder, and conductive additive of carbon
black at weight ratio of 2:1:1. Then the slurry was spread on the
current collector, and the electrode was obtained after drying in the
vacuum oven for 12 h at 110 °C. We assembled the 2032 coin cell in
the glovebox with O, and H,O less than 0.1 ppm. Li metal foil was
used as the counter electrode with Celgard 2250 as the separator.
Electrolyte additive of 2 m% vinylene carbonate was added to the
electrolyte containing 1.0 M LiPE6 in 1:1 vol/vol diethyl carbonate/
ethylene carbonate (Guotai huarong Company) for much more stable
cycling performance. LANHE CT2001A was employed to test
galvanostatic cycling, and 0.01 V (vs Li/Li+) was the cutoff voltage
for both Si and Sn alloy anode composites. The mass concerned in
gravimetric capacity calculation includes alloy component and
wrapped graphene layer. The theoretical capacity of Si and Sn is
4200 mAh g™' and 994 mAh g™, which is the baseline for specific rate
calculation. The average mass loading was 0.5—1 mg cm™. Cyclic
voltammograms were performed in the range of 3—0.01 V along with a
scanning rate of 0.1 mV s™' on a CHI660E workstation (CH
Instruments, Shanghai).

B RESULTS AND DISCUSSION

The Si—Sn—graphene composite was prepared through ball-
milling as illustrated in Figure la. The mixture of metallurgical

[ ] Sn

graphene —— Si&Sn

(b

Figure 1. Fabrication processes and characterizations of Si—Sn—
graphene composite particles. (a) Schematic of the fabrication process:
blue silicon, rose red tin, and black graphene layer was ball-milled
together to form the Si—Sn—graphene composite; (b) and (c) TEM
images of Si—Sn—graphene particles at different magnifications; (d)
XRD pattern of Si—Sn—graphene; (e) TEM image of the Si—Sn—
graphene composite particle, and (f), (g), and (h) corresponding EDS
elemental mappings of Si, Sn, and C, respectively.

Si powder, tin, and graphene with a weight ratio of 4.5:4.5:1
was ball-milled at a speed of 400 r min~' to form a hybrid
composite. Silicon and tin homogeneously mix together like a
traditional Chinese yin-yang structure.”” A ductile graphene
layer was covered on the surface of the particle to enhance the
electrical conductivities of structures and offer a stable interface
layer for stabilizing SEI formation during electrochemical
cycling. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were used to characterize the
morphology and detailed crystalline structure of the produced
Si—Sn—graphene composite particles. Figure 1b shows typical
hybrid particles with silicon and tin homogeneous dispersion
and a graphene layer shell. We used TEM in Figure lc to
further confirm our structure. An about 10 nm thick graphene
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layer can be identified along the surface of the composite
particle. Two kinds of lattice fringes with interplanar spacing of
0.31 and 0.28 nm are demonstrated in the inset high-resolution
TEM in Figure lc, which reflects the (111) plane of cubic
silicon (marked blue rectangular frame) and the (101) plane of
tetragonal tin (marked red rectangular frame). From the XRD
pattern of the Si—Sn—graphene composite in Figure 1d, we can
see typical peaks of Si (JCPDS #27—1402) and Sn (JCPDS
#04—0673), consistent with the data of TEM. To fully figure
out the element distribution inside a composite particle,
electron dispersion spectroscopy mappings of the specific
particle were shown in Figure le—1h. The Si element and Sn
element uniformly distribute in the whole particle, which
further confirmed the yin-yang integrated structure. The carbon
element outlines the shape of the particle, proving there is a
uniformly encapsulated graphene layer outside of the particles.

As we already know, Si and Sn alloy anodes suffer ~300%
volume change during electrochemical cycling, which leads to
severe particle pulverization and an unstable SEI layer, resulting
in fast capacity decay. In order to solve the problem, selective
chemical etching was introduced to produce a porous anode.
The obtained Si—Sn—graphene composite powder was
immersed in HCI solution to dissolve Sn component, and the
remaining silicon and graphene layer make up the porous
silicon—graphene structure shown in Figure 2a. As depicted in
the inset of Figure 2a, the rose red yang part in the yin—yang
diagram turns empty because Sn is dissolved in HC], and the
blue yin component is left. In Figure 2b, the high-resolution
TEM image exhibited a uniform graphene layer. The only
lattice fringes left are the (111) plane of cubic silicon (blue
marked rectangular frame) with basal distances of 0.31 nm.
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Figure 2. Characterizations of porous Si—graphene and Sn—graphene
particles after selective chemical etching. (a) and (b) TEM images of
porous Si—graphene particles at different magnifications. Inset
schematic of (a): blue silicon and white void space in the graphene
layer; (c) XRD pattern of porous Si—graphene; (d) and (e) TEM
images of porous Sn—graphene particles at different magnifications.
Inset schematic of (d): rose red tin and white void space in graphene
layer; (f) XRD pattern of porous Sn—graphene; (g) and (h) nitrogen
isotherm plots and pore volume distribution curves of Si—Sn—
graphene, Si—graphene, and Sn—graphene particle samples.

Only the Si peak appears in XRD spectra in Figure 2¢, which
further confirms that Sn was totally removed by HCI acid
etching to form a porous Si—graphene structure. 80 wt %
silicon content in the composite is determined by thermal
gravimetric (TG) analysis (Figure S3).

At the same time, if we change HCI to KOH solution, a
complementary structure was obtained, as the Si component
was dissolved in KOH solution and the porous Sn—graphene
composite was left. Figure 2d—2f reveals the detailed structure
and component information. Lattice fringes of the (101) plane
of tetragonal tin (marked red rectangular frame) with basal
distances of 0.29 nm presented in Figure 2d of the high-
resolution TEM image and Sn peak in XRD spectra (Figure 2f)
demonstrate that Sn was left in the remaining composite.

Moreover, we used nitrogen gas sorption measurements
(Figure 2g and 2h) to study the distribution of pore size and
surface area of the as-fabricated porous composites. The surface
area is 37.01 and 66.41 m? g_l, which was calculated from the
Brunauer—Emmett—Teller theory, for porous Si—graphene and
Sn—graphene composites, respectively. It is reasonable that the
Sn—graphene composite has larger surface area than Si—
graphene. In the Si—Sn—graphene composite, even though the
weight proportion of the Si and Sn composite is 1:1, the density
of Si and Sn metal is 2.33 and 731 g cm™3, which lead to
different volume proportion in the particle. As we selectively
dissolve the Si or Sn component to form porous structure, the
remaining surface area of the Sn—graphene composite is larger
as removed Si occupied more volume. The pore diameter of the
porous Si—graphene and Sn—graphene is ~4 nm, which was
calculated by the Barrett—Joyner—Halenda method from the
adsorption branch.

As demonstrated above, based on the highly scalable ball-
milling and selective chemical etching process, we can produce
porous Si—graphene and Sn—graphene composites, which are
perceived as promising building blocks of an advanced lithium-
ion battery anode for several important reasons. First, a huge
volume change resulting from lithium insertion and extraction
can be accommodated by void space in the obtained porous
structures, which can suppress severe particle pulverization and
unstable SEI layer. Second, a ductile graphene layer was
covered on the surface of the particle to enhance electrical
conductivity and offer a stable interface layer for stabilizing SEI
formation during electrochemical cycling. Therefore, porous
Si—graphene and Sn—graphene composites can offer high
capacity, good rate performance, as well high CE, ideal for the
next generation LIBs.

Figure 3 presents the electrochemical performance of a
porous Si—graphene composite. As demonstrated in Figure 3a,
cyclic voltammograms of the first three cycles were conducted
in the voltage range of 0—3 V at a scanning rate of 0.1 mV s~
In the first cathodic cycle, a peak appears around 0 V, which
indicates that the beginning silicon is crystal. This result
matches well with XRD data in Figure 2c. Afterward, in the first
anodic scan, reaction happens at ~0.35 V and ~0.53 V, which
are the typical peaks for amorphous silicon and suggested that
the crystal silicon was turned amorphous in the initial lithiation
stage. The crystal structure transformation is further evidenced
by a new characteristic peak of amorphous Si presented at
~0.20 V in the subsequent cathodic scans. In addition, the long
stable plateau in the charge—discharge curve of the initial cycle
presented in Figure S1 is consistent with other silicon
nanostrucures.'” Besides, rate performance is performed at
different current densities. It is expected that the unique
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Figure 3. Electrochemical performance of a porous Si—graphene
composite. (a) Cyclic voltammetry curves of the first three cycles. (b)
Cycling performance at different current densities from 100 mA g™* to
3000 mA g~'. (c) Charge—discharge cycling test of the porous Si—
graphene composite.

structure of void space among the porous structure and
uniform graphene layer on the outside surface can be attributed
to a stable performance. As presented in Figure 3b, the
remaining discharge capacity is 2500 mAh g~' when the
conducted current density is 100 mA g, and the capacity can
maintain above 800 mAh g™' with the applied current of 3000
mA g_l. Long-term cycling performance, presented in Figure
3¢, is tested under current density of 200 mA g~' for the first 5
cycles, and conducted current density is increased to 2000 mA
g~ for the later cycling. In the initial cycle, the discharge
capacity can reach 1536 mAh g~' with 75.82% initial
Coulombic efficienciy of the obtained porous Si—graphene
composite. The loss of first reversible capacities is largely due to
irreversible decomposition of electrolyte to form the SEI layer
on anode particles. Long-term cycling performance demon-
strated the stable charge capacity above 900 mA h g™! after 600
cycles.

At the same time, we studied the electrochemical properties
of the Sn—graphene composite in Figure 4. Figure 4a shows the
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Figure 4. Electrochemical performance of a porous Sn—graphene
composite. (a) Cyclic voltammetry curves of the first three cycles. (b)
Cycling performance at different current densities from 100 mA g™ to
3000 mA g'. (c) Charge—discharge cycling test of a porous Sn—
graphene composite.

cyclic voltammetry (CV) of the first three scanning cycles,
indicating electrochemical reactivity. There is a broad reduction
band at 0.7 V in the first cathodic curve, which disappeared in
the later cycles. It is the characteristic of irreversible electrolyte
decomgposition at the anode particle surface to form an SEI
layer.”® In the delithiation procedure, typical redox peaks at
0.55, 0.67, 0.76, and 0.82 V appear.”” All main peaks are
reproducible, which confirms the reversibility of the steady-state
process. Figure S2 displays the voltage profiles of porous Sn—
graphene composites at current density of 200 mA g, similar
to the typical characteristics of a Sn electrode.'” In the initial
cycle, the discharge and charge capacity are 1103 and 813 mAh
g™!, respectively. Rate performance with current densities
ranging from 100 mA g~' to 3000 mA g~', presented in Figure
4b, can further evaluate electrochemical performance. The
capacity retention is 300 mAh g~' at 3000 mA g~ and returned
to above 600 mAh g~' upon changing current density to 100
mA g~". The long cycling test presented in Figure 4c indicated
that after 300 cycles electrochemical cycling at 200 mA g™, the
specific capacity is still maintained at 750 mAh g~". Because the
formation of a thick SEI layer on the electrode surface at the
first discharge can result in large initial capacity loss of the Sn—
graphene composite electrode, the initial Coulombic efficiency
of Sn—graphene are 75.29%. Therefore, it is confirmed that the
porous Sn structure wrapped by a graphene layer can enable
stable cycling and rate performance.

B CONCLUSION

In summary, we demonstrate a scalable method to fabricate a
graphene-coated porous yin-yang hybrid composite anode
through high energy ball milling and selective chemical etching
at large scale and low cost. The obtained porous silicon—
graphene or porous tin—graphene composite can relieve the
generated stress with void space in the structure, which
demonstrates a stable performance of 910 mAh g~' over 600
cycles at a rate of 0.5C for Si—graphene “yin” particles and 750
mAh g™ over 300 cycles at 0.2C for Sn—graphene “yang”
particles. This type of porous silicon or tin graphene composite
from low-cost processes can also be employed in many other
energy applications such as thermoelectrics and solar energy.
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