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ABSTRACT: Alloy anodes, particularly silicon, have been
intensively pursued as one of the most promising anode
materials for the next generation lithium-ion battery primarily
because of high specific capacity (>4000 mAh/g) and
elemental abundance. In the past decade, various nanostruc-
tures with porosity or void space designs have been
demonstrated to be effective to accommodate large volume
expansion (~300%) and to provide stable solid electrolyte
interphase (SEI) during electrochemical cycling. However,
how to produce these building blocks with precise morphology
control at large scale and low cost remains a challenge. In
addition, most of nanostructured silicon suffers from poor
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Coulombic efficiency due to a large surface area and Li ion trapping at the surface coating. Here we demonstrate a unique
nanoperforation process, combining modified ball milling, annealing, and acid treating, to produce porous Si with precise and
continuous porosity control (from 17% to 70%), directly from low cost metallurgical silicon source (99% purity, ~ $1/kg). The
produced porous Si coated with graphene by simple ball milling can deliver a reversible specific capacity of 1250 mAh/g over
1000 cycles at the rate of 1C, with Coulombic efficiency of first cycle over 89.5%. The porous networks also provide efficient ion
and electron pathways and therefore enable excellent rate performance of 880 mAh/g at the rate of SC. Being able to produce
particles with precise porosity control through scalable processes from low-grade materials, it is expected that this
nanoperforation may play a role in the next generation lithium ion battery anodes, as well as many other potential applications

such as optoelectronics and thermoelectrics.
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he emerging markets of portable electronics and electric
vehicles generate tremendous demand for the develop-
ment of advanced lithium-ion batteries (LIBs) with low cost,
high energy, and power densities and a long cycling life.'~**
Alloy anode materials such as Si, Ge, and Sn, while possessing
high theoretical capacity,”>*° also share common challenges
related to large volume expansion during the lithiation and
delithiation processes”” >’ and unstable solid-electrolyte
interphase (SEI).>’ ™ Recently, rational designed nanostruc-
tures with carefully tailored porosity or void space such as
porous networks,”**™*® double-walled nanotubes,”” yolk shell
nanostructures,”~* and pomegranate-like structures'® have
been proposed to provide stable structures and interfaces
despite the large volume expansion, therefore, leading to
substantially improved cycling performance. However, to
enable widespread applications, low cost and scalable processes
are urgently needed to produce these building blocks with
finely controlled porosity to enable high Coulombic efficiency,
stable electrochemical cycling, and good rate performance.
Here we demonstrate a low-cost and scalable nanoperfora-
tion process, by combining modified ball milling, annealing, and
acid treating, to produce porous Si particles with precise
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porosity control directly from low grade and low cost silicon
sources. The porous silicon particles were produced essentially
by three steps (Figure 1a) (see more details in Methods). First,
a mixture of low grade silicon and water is ball-milled to
produce silicon oxide (SiO,) particles. As one of the key steps
of the process, by controlling the initial ratio of silicon to water,
SiO, particles with oxygen content (x) ranging from 0.26
(SiOg26) to 1.93 (SiO, g3) can be precisely tuned and massively
produced (10 g per run in the lab). Table 1 lists the initial mole
ratios of silicon to water added in and final mole ratios of
silicon to oxygen in produced SiO, particles examined by X-ray
fluorescence (XRF), which confirms the direct correlation of
these two. As demonstrated in Figure 1b, as the oxygen content
increases (from SiOy,4 to SiO; 43), the color of produced SiO,
particles gradually changes, from black to yellow and to white
eventually. As the sizes of these particles with different oxygen
content remain unchanged (confirmed by dynamic light
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Figure 1. Nanoperforation processes: (a) Schematics of three steps: high energy mechanical milling (HEMM) with water, annealing, and acid
etching. (b) Optical images of SiO, particles after ball-milling with various oxygen contents.

Table 1. X-ray Fluorescence (XRF) Characterizations

scattering, shown in Supplementary S1), the color difference is
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Figure 2. Characterizations of SiO, particles: (a) Raman spectrum of produced SiO, particles (water added) and Si particles (no water added), (b)
XRD pattern of produced SiO,, particles (water added) and Si particles (no water added), (c) TEM image of SiO,, particles before annealing, (d)

TEM image of Si/SiO, particles after annealing.
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Table 2. Porosity Calculation and Measurement

porous Si Si0g ¢ SiOps, Si0g g, SiO; 58 SiO; 51 Si0O) g3
theoretical porosity 0.25 0.44 0.66 0.80 0.87 0.98
actual density (g/cm?) 1.82 1.32 1.01 0.71 1.09 2.19
actual porosity 0.23 0.44 0.57 0.70 0.54 0.21
BET measurements (m?*/g) 19.2 49.4 175 254 152 41.0
BET measurements (m?®/g) (after graphene coating) 2.30 6.34 12.9 24.3 10.1 6.58
A b 1.0 o
—v— porous Si (SiO, 5;) —* porous Si (SiO, 5,)
—a— porous Si (SiO, ,5) 08 —=— porous Si (SiO; »g)
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Figure 3. Characterizations of porous silicon from various SiO, particles: (a) Nitrogen isotherm plots of different porous silicon particles made from
SiOggy SiO; 5 and SiO; ¢, (b) pore volume distribution curves of different porous silicon particles made from SiOj ., SiO; 55, and SiO; 51, and (c, d,
and e) TEM images of porous silicon made from SiOyg,, SiO; 45 and SiO; g, respectively.

It can be easily understood that SiO, particles with various
oxygen contents will result in Si/SiO, composites with different
contents of SiO,. With Si and SiO, uniformly distributed within
each particle, once SiO, is removed by hydrofluoric (HF) acid
treatment, a porous Si particle will be produced, as shown in
Figure 1la.

To carefully examine the effect of water during ball milling,
produced silicon oxide (water added) particles and silicon
particles (no water added) are carefully examined by Raman
spectroscopy (Figure 2a), which shows a clear difference, with
the peak at 480 cm™, corresponding to the silicon oxide, and
the peak of 510 cm™ related to silicon. As shown in Figure 2b,
the X-ray powder diffraction (XRD) pattern of SiO, particles
shows broad amorphous features and no peaks indicative of
crystalline phases. In comparison, the diffraction peaks of
silicon particles after ball milling (no water added) were sharp
and intense, indicating their highly crystalline nature. The
morphology and crystal quality of these produced SiO, particles
before and after thermal disproportionation are also carefully
examined by transmission electron microscopy (TEM). Figure
2c shows a typical TEM image of SiO, particles (~100 nm size)
with homogeneous contrast and amorphous diffraction pattern.
After thermal disproportionation, these particles become
heterogeneous with mixed crystalline (Si) and amorphous
(SiO,) phases (Figure 2d). The crystal quality of Si in the
composite after thermal disproportionation is clearly exhibited
in a high-resolution TEM image (Figure S2 in Supporting
Information).
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Assuming Si and SiO, are uniformly distributed within each
particle after thermal disproportionation, the porosity of
produced porous silicon after HF etching can be estimated
by calculating the volume fraction of SiO,, which is listed as
theoretical porosity in Table 2). As we explained in the
previous section, as the initial water/silicon ratio increases, the
contents of SiO, in the Si/SiO, composite after thermal
disproportionation increases accordingly. However, it is found
that the SiO, particles with highest oxygen contents will not
necessarily produce silicon particles with highest porosity. In
fact, when the contents of SiO, in Si/SiO, composite are too
high (as in the case of SiO,;), the remaining silicon contents
will not be able to form stable porous networks (as shown in
Figure la) but collapse to become smaller particles instead.
Porosity can also be experimentally evaluated (listed as actual
porosity in Table 2) by measuring the actual density of porous
silicon (listed as actual density in Table 2), as compared to the
density of bulk silicon. As shown in Table 2, when «x is lower
than 1.28, the actual porosity agreed well with the theoretical
calculation. If the value of x continues to increase above 1.28,
the porosity exhibits significant decrease, deviating from the
theoretical calculation, which is expected for the reason
mentioned above. It is found that SiO ,4 particles can produce
porous silicon with the highest porosity of 70% through this
process.

This dependence of porosity on the oxygen contents of SiO,
is well-captured by Brunauer—Emmett—Teller (BET) nitrogen
adsorption (Figure 3a) of porous silicon particles produced
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Figure 4. Electrochemical performanc: (a) Schematic of the charge/discharge process of Si/graphene composite, (b) TEM image of Si/graphene
composite, (c) cycling performance of porous-Si/graphene composite with different porosity at a rate of 1 C, (d) voltage profiles for the porous-Si/
graphene composite plotted for the 1st, S00th, and 1000th cycles, (e) discharge capacity and Coulombic efficiency (in red color) of porous-Si/
graphene composite and discharge capacity of porous Si by MACE process, (f) cycling performance at different rates from 0.05 C to S C, (g) cycling

performance of different areal mass loadings of the cell.

from SiOy g, SiO| 45 and SiOg;. It is clear that the amount of
adsorbed N of porous Si (produced by SiOj ,4) is the highest.
The BET surface area of that sample was calculated to be 175
m® g~', which is the highest specific surface area among all
samples listed in Table 2. The pore size distribution, derived
from desorption data and calculated from the isotherm, shows
that porous silicon from SiO,,g has the smallest pore sizes.
Transmission electron microscopy (TEM) is used to carefully
examine the morphologies of produced silicon particles from
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SiO, with different oxygen contents (SiOgg, SiO;,s and
SiO,5,). As shown in Figure 3c, the TEM image of porous
silicon particles from SiOyg, reveals its interconnected
structures with a size of about 30 nm. For porous silicon
particles from SiOj ,g, it turned into the clear porous structure
(Figure 3d). As oxygen content further increases (SiO, ), the
produced silicon particles have much smaller feature size of 5—

10 nm.
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As demonstrated above, based on nanoperforation process,
we can produce Si particles with precise porosity control, ideal
building blocks for advanced lithium ion battery anode. As an
example of demonstration, we combine the porous silicon with
graphene (10% weight of porous silicon) by simple ball-milling
to form porous Si/graphene composite (Figure 4a). This
structure offers several advantages: highly porous silicon will
have a much reduced volume change,” while the graphene shell
enhances the electrical conductivity and at the same time serves
as a stable interface for stabilizing SEI formation."*™* In
addition, different from amorphous carbon shell, the graphene
shell will not trap the lithium ions which is therefore beneficial
for Coulombic efficiency. Therefore, it is expected that porous
Si/graphene composite can offer a high capacity, stable cycling
performance, and good rate performance as well as high
Coulombic efficiency. The TEM image (Figure 4b) shows a
typical structure of porous Si/graphene composite, with a
uniform layer of graphene (~S nm) formed on the surface of
porous silicon particles. Figure 4c demonstrates the cycling
performance of porous silicon from SiOgg,, SiO; ,4, and SiO; 5;
after graphene coating. It is clear that porous silicon produced
by SiO;,g has the most stable cycling performance, which is
expected as porous silicon with a higher porosity will have a
reduced volume change during electrochemical cycling. As
shown in Figure 4e, after 1000 deep cycles at a rate of 1 C, the
capacity of porous silicon produced by SiO,,4 still maintains
above 1250 mA h/g, which corresponds to the capacity decay \
as small as 0.015% per cycle, much better compared to the
porous silicon fabricated by commonly used metal-assisted
chemical etching with the same porosity. Coulombic efficiency
is an important indicator of the reversibility of the electrode
reaction. With graphene coating, the initial Coulombic
efficiency reached 89.5% which is higher than most of previous
studies related to nano-Si anode without prelithiation treat-
ment. The Coulombic efficiency quickly increases to 99.00%
within the first five cycles and to 99.90% within ten cycles. The
averaged Coulombic efficiency from 2nd to 1000th cycles of the
graphene coated Si particles is 99.90%. The first lithiation
potential shows a plateau between 0.1 and 0.01 V, consistent
with the behavior of crystal Si (Figure 4d). As shown in Figure
4f, the capacity of porous Si/graphene composite varies from
1790 mA h/g to 880 mA h/g at charge/discharge rate from C/
20 to S C. Stable cycling for over 100 cycles is demonstrated
with areal mass loading as high as 1.98 mg cm™ (Figure 4g).
The volumetric capacity is about 1360 A h/L for the first cycle
and 850 A h/L after 1000 cycles at a current rate of 1 C.
Compared with graphite, our materials’ volumetric capacity is
more than three times higher than the common commercial
graphite anodes, and gravimetric capacity is more than five
times higher than the common commercial graphite anodes,
which is a great step forward.

Based on ball milling, thermal disproportionation and acid
treating, we demonstrate an ingenious and scalable nano-
perforation process that can produce silicon directly from low
grade sources with continuous and precise porosity control,
which can serve as excellent building blocks for the
construction of next generation energy storage devices. It also
opens tremendous opportunities to recover low-quality
materials for commercially viable materials, which can be
generally applied to a variety of material systems and ener
applications such as optoelectronics and thermoelectrics.*’ ™"

Methods. Procedures of the Nanoperforation Process.
Metallurgical silicon (around 99% purity) was used as received
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to prepare porous silicon particles via high energy mechanical
mill (HEMM, Fritsch Planetary Micro Mill Pulverisette 7
premium line), annealing, and acid treatment. It was first
crushed into millimeter range and then ball-milled with
deionized water into particles by HEMM for 2 h at a speed
of 1000 r/min with 3 mm grinding balls to achieve SiO,
particles. The oxygen contents of SiO, particles depend on the
amount of deionized water added. The SiO, particles were
directly heated to 1000 °C under Ar atmosphere. Then SiO,
was removed with HF, followed by filtration and deionized
water washing three times. The final porous silicon particles
were obtained after drying in a vacuum oven.

MACE Process. The metallurgical silicon powder was
immersed in a solution of 20 mM silver nitrate (AgNO;) and
S M hydrofluoric acid (HF) at 50 °C for 2 h. Then, DI water
was substituted by 30 mL of ethanol and an additional 1 mL of
H,0, to get porous silicon. Silver (Ag) on the surface was then
removed in concentrated nitric acid for 1 h.

Synthesis of Si/Graphene Composite. Graphene was first
ball-milled for 30 min at a speed of 800 r/min with 3 mm
grinding balls. Then porous silicon particles were added in
followed by ball-milling for 2 h at a speed of 400 r/min to
produce the Si/graphene composite.

Material Characterizations. The morphologies and struc-
tures of the as-prepared porous Si particles were characterized
by scanning electron microscopy (Dual-beam FIB 23S, FEI
Strata) and transmission electron microscopy (JEM-200CX).
XRD spectra were obtained on a Rigaku Ultima X-ray IV.
Other characterizations were carried out by Raman spectros-
copy (WITEC Raman spectrometer), NanoDLS (Brookhaven
Instruments Corporation), UltraPYC 1200e, and BET
(Autosorb-iQ).

Electrochemical Testing. Approximately 2 g of multiwall
CNT was pretreated in 200 mL of HNO5:H,SO, = 3:1 (Mw)
acid mixture at 90 °C for 1.5 h to well-dispersed CNT in
aqueous solution. Filtration was conducted to separate
MWCNT and acid before dispersing MWCNT back into 200
mL DI water. Then, dialysis was performed to neutralize
MWCNT solution until pH reaches the range of 5—7. The
concentration of as-obtained MWCNT was determined by
evaporating a specific volume of solution and weighting the
mass of MWCNT. ~8 wt % of MWCNT was mixed with Si/
graphene composite. Then this productse are mixed with
carbon black and CMC binder (80:5:15, weight ratio) to make
slurry and then cast onto a thin copper foil and dried in a
vacuum oven at 90 °C overnight and 110 °C for 2 h. Coin-type
cells (2032) were fabricated inside an Ar-filled glovebox using
Li metal foil as counter/reference electrode, along with a
celgard 2250 separator. The electrolyte employed was 1.0 M
LiPF; in 1:1 vol/vol ethylene carbonate/diethyl carbonate with
2 wt % vinylene carbonate (Guotai Huarong) added to improve
the cycling stability. Galvanostatic cycling was performed using
a LANHE CT2001A, the galvanostatic voltage cutoffs were 0.01
and 1.5 V vs Li/Li+. The charge/discharge rate was calculated
with respect to the theoretical capacity of Si (4200 mA h/g, 1 C
= 4200 mA/g). All of the capacities reported in the manuscript
were based on the whole mass of the electrode (including active
materials, binder, and acetylene black). The mass loading of
each electrode was 1-2 mg/ cm?.
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