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Abstract: Amorphous Si (a-Si) shows potential advantages
over crystalline Si (c-Si) in lithium-ion batteries, owing to its
high lithiation potential and good tolerance to intrinsic strain/
stress. Herein, porous a-Si has been synthesized by a simple
process, without the uses of dangerous or expensive reagents,
sophisticated equipment, and strong acids that potential cause
environment risks. These porous a-Si particles exhibit excellent
electrochemical performances, owing to their porous structure,
amorphous nature, and surface modification. They deliver
a capacity of 1025 mAhg™"' at 3 Ag™" after 700 cycles. More-
over, the reversible capacity after electrochemical activation, is
quite stable throughout the cycling, resulting in a capacity
retention about around 88 %. The direct comparison between
a-Si and c-Si anodes clearly supports the advantages of a-Si in
lithium-ion batteries.

Silicon has been regarded as one of the promising next-
generation anode materials for rechargeable lithium-ion
batteries (LIBs),!"! owing to its high theoretical capacity (ca.
3579 mAhg™'), almost ten-times higher than that of graphite
(ca. 372 mAhg™"). Its high abundance on earth and the low
toxicity strengthen the position of silicon over the other
candidates. But silicon shows massive volume expansion upon
cycling, which easily results in structure failure, poor capacity
retention, and inferior coulombic efficiency. These issues
greatly hinder the practical applications of silicon. To tackle
these tough issues, many strategies have been developed, such
as structure engineering (porous/hollow structure), size/
shape control (nanowires, nanotubes),”! surface modification
(carbon or MO, coating),”l and component modulation (M-Si
alloy).”! Although these efforts have achieved remarkable
progresses, they still do not meet all the requirements for Si.
So, it is necessary to search other ways for making high-
performance silicon anodes.

Because silicon eventually becomes amorphous during
electrochemical lithiation/delithiation, the attempt to use
amorphous silicon (a-Si) as an anode from the beginning
draws intense interest. Moreover, a-Si possesses several
advantages over crystalline Si (c-Si). Firstly, a-Si has high
resistance to structure fracture.”! This property is attributed
to isotropic strain/stress in a-Si, which restrains the particle
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pulverization and keeps the structure stable. This stability is
extremely important in the electrochemical performance of
silicon as an anode. Secondly, a-Si reacts with lithium at
a relatively higher potential (ca. 0.22 V) than c-Si (0.12 V).["
This fact offers us the basis to increase the cut-off potential
during the lithiation, which not only inhibits the formation of
lithium dendrites and improves the battery safety, but also
reduces the volume change and increases the cycling life.
However, previous studies about using a-Si as an anode
material are quite limited, because of the difficulties in
chemical synthesis and structure engineering. The reported
syntheses of a-Si always involve expensive and dangerous
reagents, such as NaK alloy, silanes,*® or sophisticated
equipment such as e-beam evaporation,’! radio-frequency
magnetron sputtering,'”! both of which greatly limit the
exploration on a-Si as an anode material. Thus, fabricating a-
Si by a simple method without the above drawbacks, is a great
challenge. On the other hand, most of the as-obtained a-Si
anodes are either thin films or solid particles.*'!l To our
knowledge, no porous a-Si has been explored as the anode
before, although porous structures have been demonstrated
to be very helpful in crystalline Si (c-Si).[*!

Herein, porous a-Si powders, are synthesized by a solvo-
thermal reaction followed by a high-temperature annealing,
(Scheme 1). The solvothermal reaction between SiCl, and Mg
is conducted in glyme. Using SiCl, as the silicon source, rather
than silanes, could reduce the cost and risk of the reaction,
allowing mass production in the future. The similar advan-
tages apply to the reducing agent, Mg powders. They are
cheap, safe, and easily accessed, compared to NaK alloy and
sodium naphthanide used in other routes."?! Most strikingly,
this solvothermal reaction at 100°C could produce elemental
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Scheme 1. Synthesis process of porous a-Si anode.
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silicon (Figure S1 in the Supporting Information). Glyme is
important to this reaction, because it has lone-pair electrons
to solvate Mg species, and good miscibility with SiCl,. These
properties facilitate the reaction between Mg and SiCl, at
a low temperature. During this process, many organic
molecules are also encapsulated in the product (Figure S2),
which increases the electrical resistances between neighbor-
ing particles. Thus, high-temperature annealing is carried out
to get rid of these organics completely.

Quick cooling of the product to room temperature
maintains the amorphous nature of Si, as confirmed in that
only the diffraction peaks of MgCl, are observed in the XRD
pattern (Figure S3). At this point, the particles are still solid
(Figure S4). After washed with water and ethanol, the
particles become highly porous (Figure S5), as a result of
the removal of MgCl,. More importantly, we do not need
strong acids such as HCl and HF any more for the post-
treatments, which alleviates serious environmental concerns
about the disposal of these acids. The safe and cheap reagents,
conventional equipment, and simple operation to give porous
structured Si make the synthesis attractive.

The final product is highly porous, as shown in the SEM
image (Figure 1a) and also supported by TEM images
(Figure 1b) that further disclose the pore sizes are in the
range 10-50 nm. It is believed that the 3D-interconnected
mesopores would aid the contact between electrolyte and
electrode, accommodate the volume change during lithiation/
delithiation, and shorten the diffusion distance from the
surface to the inside of the electrode. The consequences
greatly improve the cycling stability and rate capability of this
product. Selected area electron diffraction (SAED) of these
porous particles (the inset of Figure 1b) is highly diffused,
indicating the amorphous nature. This result is also confirmed
by the absences of lattice fringes in the HRTEM image
(Figure 1c¢) and diffraction peaks in the XRD pattern (Fig-
ure S6). This amorphous nature means that the strain/stress
caused by lithiation/delithiation is homogeneous, effectively
inhibiting the particle pulverization and enhancing the
structure stability. EDS spectra (Figure S7) shows that these

Figure 1. a) SEM image, b) TEM image, inset: SAED pattern,
¢) HRTEM image, and d) element mapping of p/a-Si.
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porous amorphous particles are made of silicon and oxygen
with an atomic ratio of 79.1:20.9. The presence of oxygen in
the particles is inevitable, because some post-treatments such
as the particle filtration, were conducted in air. Even the
drying in vacuum and the annealing in Ar could not
completely exclude oxygen. Furthermore, this surface oxida-
tion could easily happen at room temperature during the
storage, indicated by an apparent change in color (Fig-
ure S8a). Once SiO, is formed on the surface after annealing,
it would prevent the particles from being further oxidized
(Figure S8b). Although the formation of SiO, lowers the
initial coulombic efficiency and increases the electron resist-
ance, it also improves the structure stability, which has been
demonstrated by Cui et al. for Si@SiO, nanotubes.”” Element
mapping shows that silicon and oxygen are uniformly
dispersed throughout the particle (Figure 1d), consistent
with the surface oxidation. For the sake of clarity, porous a-
Si particles are denoted as p/a-Si from now on.

The porous structure, amorphous nature, and surface
oxidation of p/a-Si are further investigated by nitrogen
sorption isotherm, Raman spectrum, and XPS spectrum. As
shown in Figure 2a, there is a small hysteresis at the high
pressure in nitrogen sorption isotherms of p/a-Si, indicating
the porous structure in the product. On the basis of BET
theory, the pore size distribution could be obtained (Fig-
ure 2b). Most of the pores have their sizes ranging from 10—
50 nm, consistent with the result from TEM images. The
amorphous nature of p/a-Si is confirmed by Raman spectrum
(Figure 2¢), where the characteristic peak of a-Si at 480 cm ™"
could be easily observed.”! Moreover, there is no sign of the
peaks from carbon materials between 1300-1600 cm ™" (Fig-
ure S9), excluding the presence of a carbon coating caused by
the decomposition of organic molecules at a high temper-
ature. XPS spectra are employed to disclose the surface status
of p/a-Si. Three peaks could be derived from the high-
resolution XPS spectrum of Si2p (Figure 2d). The peak at
99.8 eV arises from elemental silicon, and those at 102.5 and
103.7 eV come from Si** and Si**."" The ratio of Si’: Si**: Si**
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Figure 2. a) Nitrogen adsorption—desorption isotherms, b) pore size
distribution, c) Raman spectrum, and d) XPS spectrum of p/a-Si.
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is 34.1%: 48.6 %: 17.3 %, indicating the majority of Si atoms
on the surface are oxidized. After Ar-ion sputtering, the
content of elemental silicon increases greatly (Figure S10),
confirming the surface oxidation.

The electrochemical performances of p/a-Si as an anode
material for LIBs, are summarized in Figure 3. Figure 3a
shows the discharge—charge profiles at a current density of
500 mA g ' over a voltage window of 0.001-1.5 V for the first
three cycles. There are several inconspicuous plateaus for the
first discharge process. The first one at 0.65 V is likely to come
from the formation of the solid-electrolyte interphase (SEI)
film.""! It disappears in the subsequent cycles, consistent with
the irreversibility of this reaction. The second one in the
voltage range from 0.50 to 0.25V, originates from the
reduction of SiO, at the surface.'® The distinctive discharge
plateau at 0.1 V caused by the lithium alloying of crystalline
silicon,'” is not observed in our case. But a slope below 0.25 V
is present instead, which is in good agreement with the
behaviors of amorphous silicon in the rest cycles. Although
the discharge capacity is as high as 2599 mAhg™', only
a reversible capacity of 1679 mAhg™' is obtained for the
first charge process, resulting in a coulombic efficiency of
64.6%. The low initial coulombic efficiency indicates that
there are irreversible reactions in the first cycle, such as the
reduction of SiO, and the formation of the SEI film. In spite
of this, the coulombic efficiency quickly increases to 92.9 % at
the second cycle, and approaches to 95.7 % at the third cycle.
After the first cycle, the discharge and charge profiles in the
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following cycles basically overlap with each other, suggesting
the good electrochemical reversibility.

Figure 3b shows the rate performance of p/a-Si. As the
current density increases from 1 Ag 'to2,3,and 5 Ag™', p/a-
Si gives a capacity of 1608, 1387, 1180, and 781 mAhg . If the
current density goes back to 1 Ag™', the capacity could be
recovered as 1580 mAhg ', confirming the excellent stability.
The continuous cycling of p/a-Siat 1 Ag™' for 100 cycles, does
not show an obvious capacity loss, and ends at a capacity of
1577 mAhg™" (Figure 3c). In view of the mass loading at
approximately 0.8 mgem ™2 in our case, the areal capacity
could reach 1.24 mAhcm 2, which is much better than many
previous reports on Si (Figure 3d).?><3*51011 For example,
a-Si grown on Cu nano-pillars showed a high specific capacity
of 1627 mAhg™' after 100 cycles at 1 Ag™' [ but its areal
capacity was only about 0.150 mAhcm 2 due to the small
mass loading of 0.092mgcm 2 A similar result was also
reported for an alumina-coated a-Si pattern that was prepared
by photolithography followed with reactive ion etching."”
Although such an alumina coating kept the capacity of a-Si
stabilized at around 2800 mAhg' after 40cycles at
3.75 Ag’!, the areal capacity was about 0.065 mAhcm 2,
because the mass loading is only about 0.023 mgcm % More
importantly, the syntheses of these composites involved
expensive and explosive SiH,, sophisticated radio-frequency
magnetron sputtering, and laborious methods such as optical
photolithography, all of which have been avoided in our case.
The long-term cycling of p/a-Si at a high rate is conducted, as

shown in Figure 3 e. The p/a-Si anode is electro-
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Figure 3. Electrochemical characteristics of p/a-Si. a) Voltage profiles of p/a-Si for the
first three cycles. b) Rate performance and coulombic efficiency of p/a-Si at different
current densities. c) Cycling performance and coulombic efficiency of p/a-Si at

1000 mAg™". d) Electrochemical performances of p/a-Si and many previous reports on
silicon. e) Cycling performance and coulombic efficiency of p/a-Si at a current density of

3000 mAg.
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Raman spectrum, and the lattice fringes in the
HRTEM image (Figure S12). Meanwhile, the
porous structure is also maintained for p/c-Si.
With these features in common the results
obtained by the comparison between p/a-Si
and p/c-Si are reliable. The rate measurements
indicate that p/c-Si degrades much faster at high
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rates than p/a-Si (Figure S13a), indicating the superior
charge-transfer kinetics in p/a-Si. This result is also supported
by EIS spectra (Figure S13b), in which the charge-transfer
resistance derived from the depressed semicircle at the high-
to-medium frequencies, is much smaller in p/a-Si than that in
p/c-Si. This result suggests superior diffusion kinetics in p/a-Si.

Overall, the excellent performances of p/a-Si in cycling
stability and rate capability could be attributed to the
synergistic effect of porous structure, amorphous nature,
and surface modification. As discussed above, the porous
structure increases the specific surface area, reduces the areal
current density, and then lowers the electrode polarization. It
also benefits the penetration of electrolyte into the electrode,
and shortens the diffusion distance of lithium ions. Most
important, it contains a large quantity of empty spaces, allows
the structure breathe upon cycling, and keeps the structure
stable (Figure S14). The amorphous nature has a similar
effect on the structure. Because it facilitates the isotropic
strain/stress during the lithiation/delithiation process, this
would enhance the structure stability. The effect of surface
modification of p/a-Si by SiO, is similar but in a different way.
All these results suggest that the structure stability is
important to the cycling.

In summary, porous a-Si particles are synthesized by
a solvothermal reaction followed with a high-temperature
annealing. This process did not involve expensive or danger-
ous reagents, sophisticated equipment, or strong acids for
post-treatment, making it very attractive for the mass
production in the future. Although the surface is partially
oxidized as a result of exposure to air, porous a-Si particles
still exhibit excellent electrochemical performances, because
the porous structure, amorphous nature, and SiO, coating
greatly stabilize the structure, and promote the charge
transportation. After 700 cycles at 3 Ag™!, these particles
deliver a capacity of 1025mAhg™', corresponding to
a capacity retention of 88% relative to that after electro-
chemical activation at a low current density. The areal
capacity could be as high as 1.24 mAhcm 2, even without
carbon. All these results indicate the promising potential of
porous a-Si powders.
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