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Silicon/graphite (Si/Gr) nanocomposites with controlled void spaces and encapsulated by a carbon shell (Si/
Gr@void@C) are synthesized by utilizing high-energy ball milling to reduce micron-sized particles to nanoscale,
followed by carbonization of polydopamine (PODA) to form a carbon shell, and finally partial etching of the

;’;lli’:gﬁmégie nanostructured Si core by NaOH solution at elevated temperatures. In particular, the effects of ball milling time
Graphite P and NaOH etching temperature on the electrochemical properties of Si/Gr@void@C are investigated. Increasing

the ball milling time results in the improved specific capacity of Si-based anodes. Carbon coating further enhances
the specific capacity and capacity retention over charge/discharge cycles. The best cycle stability is achieved after
partial etching of the Si core inside Si/Gr@void@C particles at either 70 or 80 °C, leading to little or no capacity
decay over 130 cycles. However, it is found that both carbon coating and NaOH etching processes cause some
surface oxidation of the nanostructured Si particles derived from high-energy ball milling. The surface oxidation
of the nanostructured Si results in decreases in specific capacity and should be minimized in future studies. The
mechanistic understanding developed in this study paves the way to further improve the electrochemical per-

Carbon Coating

formance of Si/Gr@void@C nanocomposites in future.

1. Introduction

Among the candidates for anode, silicon has gained a huge attention
because it has more than 10 times of the theoretical specific capacity than
graphite and it can be extracted easily from the earth crust. However, the
anisotropic expansion and shrinkage of silicon (about 400%) during
lithiation and delithiation, respectively, lead to cracking of silicon par-
ticles and repeated fracture and formation of solid electrolyte interphase
(SEI) layers [1-4]. Pulverization of particles causes loss of the contact of
Si particles with the conductive network, while repeated SEI formation
deteriorates the electrolyte. All of these result in fast capacity decay and
poor electrochemical performance [1-5].

Many attempts have been made in order to address the issues faced by
Si anodes. Employing micron- and nano-sized silicon [6-8], trapping the
silicon particles in conductive matrix [9,10], improving the binder and
electrolytes [11-13], making porous Si structures [14-16], and yolk-shell
design [17-20] are among those being attempted. Collectively, these
extensive studies of Si anodes have revealed several important trends.
First, reducing Si particle sizes to nanoscales can improve cycle stability
because of the reduced tendency for particle cracking and smaller volume
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change per particle during cycles [6-8]. Second, conductive coatings
such as carbon can improve electronic conductivity on the surface of Si
particles and increase the mechanical integrity [1,9]. Third, the void
space inside the Si particle can provide space to accommodate volume
expansion and shrinkage during charge/discharge cycles [17-20].
Fourth, a combination of nano-size, carbon coating and void space such
as yolk-shell design and porous Si structures appears to offer the most
promising long-cycle stability [14-19] because the void space accom-
modates the volume expansion, while the carbon shell confines the vol-
ume expansion inside the yolk-shell particle, improves electronic
conductivity and provides a robust interface for a stable SEI layer and
particle contact with the conductive additive and current collector.

In spite of significant potential for Si designs with a combination of
nano-size, carbon coating and void space, many studies on yolk-shell
design start with Si nanoparticles [17,21-23], which limits the poten-
tial of yolk-shell design for practical applications because of high costs of
Si nanoparticles. In addition, yolk-shell design is often produced with the
use of environmentally unfriendly HF solutions [17,21-23], which
further limits its practical applications. Instead of starting with Si nano-
particles, many studies seek high-energy ball milling method to produce
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low cost Si nano- or sub-micrometer particles [1,24-26]. In a recent study
[26], we have combined high-energy ball milling with partial Si etching
using a NaOH solution to create Si@void@C structure (similar to
yolk-shell design) as the first attempt to produce Si anodes with a good
combination of high performance and low cost. However, substantial
improvement in the cycle stability of Si@void@C is still required to
mature this technology.

Carbon coating is often pursued in making yolk-shell and Si@void@C
designs [17,21-23,26]. There are multiple methods to form carbon
coating such as chemical vapor deposition (CVD), thermal vapor depo-
sition (TVD), hydrothermal, carbonization of carbon precursors, etc.
[27-30]. Polydopamine (PODA) is considered as a powerful source of
graphitized carbon. This biomolecule is shown to be capable of forming
coatings on a wide range of substrates including polymers, ceramics and
metals, and has the benefit of self-polymerization in basic solutions at
room temperature which usually leads to high yield of carbon [31-36].
The polymerization is usually followed by a carbonization step at higher
temperatures (typically 800 °C). The carbon layer can range from
monolayer to multilayer [31-36]. Finally, it is worth to mention that the
PODA coating can be utilized directly without the carbonization [37].

In this study, we have selected PODA as conductive carbon source to
enhance the conductivity of the silicon/graphite (Si/Gr) composites.
High-energy ball milling of a Si/Gr mixture is studied as a means to
produce nanostructured Si/Gr particles from micrometer-sized Si and
graphite powders. NaOH etching is investigated to create Si/Gr nano-
composites with engineered void space and encapsulated by a carbon
shell, denoted as Si/Gr@void@C hereafter. Furthermore, the effects of
key processing parameters, ball milling time and NaOH etching tem-
perature, on the electrochemical properties of Si/Gr@void@C are
investigated in detail to provide guidelines for future process optimiza-
tion. To our knowledge, this is the first study on the effects of ball milling
time and NaOH etching conditions, particularly their interplay, on the
electrochemical properties of Si/Gr@void@C nanocomposites. The new
insights established in this study can shed light on hidden aspects of the
process and pave the way to large-scale production of the silicon-based
nanocomposite anode material for Li-ion batteries in the future.

2. Experimental
2.1. Preparation of Si/Gr@void@C

Silicon powder (—325 mesh, 99% trace metals basis, Sigma Aldrich®)
and TIMCAL TIMREX® BNB90 Expanded Graphite were utilized as
starting materials without further purification. Silicon and graphite were
mixed with the weight ratio of 9:1 and then loaded into the canister in-
side an Ar-filled glove box. The main purpose for adding 10 wt %
graphite in the mixture was to mix the Si and graphite in nanoscale
through high-energy ball milling so that all or most of the Si particles
would be connected to the conductive network provided by graphite
[26]. The ball to powder ratio was set to 10:1 to minimize the iron
contamination. The mixture was ball milled for 2, 6 and 10 h using a
SPEX mill to form ball milled Si/Gr powders. After each 30-min milling,
the machine was stopped for 10 min to cool down and prevent too much
cold welding of powder. After milling was finished, the canister was
opened inside the glove box and the powder was collected. The pro-
cedure for the PODA coating started with dispersing the ball-milled
powder in a Tris (C4H;1NO3) buffer solution (pH = 8.5 and 10 mM,
BioWorld®) for 10 min, followed by addition of dopamine hydrochloride
(CgH11NOy-HCl, Sigma Aldrich®). The suspension was stirred overnight
before centrifugation to collect the powder. The coated powder was
washed with deionized water for 3 times and then dried at 80 °C for 12 h
under vacuum. Carbonization of the PODA coating was performed inside
a tube furnace under argon atmosphere by heating up to 400 °C for 2 h,
followed by heating at 800 °C for 3 h to form the Si/Gr@C nano-
composite. Etching was then used to create void space in the Si/Gr@C
nanocomposite to generate the Si/Gr@void@C powder. In the etching
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process, the Si/Gr@C powder was dispersed in 0.5 M NaOH solution and
stirred for 20 min. To amplify the etching process, the NaOH solution was
preheated to 70 or 80 °C. The temperature was kept constant during the
entire etching process. After 20 min etching, the solution was quickly
centrifuged to prevent further etching. The solution was centrifuged, and
then the collected powder was washed with DI water. The washing
process was repeated three times. Finally, the powder was dried at 80 °C
under vacuum overnight.

2.2. Cell construction

Electrochemical testing of the synthesized materials was done in
CR2032 coin cells through galvanostatic charge/discharge protocol. The
working electrodes consisted of 60 wt % active material (Si/
Gr@void@C), 20 wt % polyacrylic acid (PAA, average molecular weight
about 450,000 g mol’l, Sigma Aldrich®) binder, and 20 wt % TIMCAL®
conductive carbon black. The materials were mixed and hand ground in
mortar and pestle. N-methyl-2-pyrrolidone (NMP, Sigma Aldrich®) was
added to form a uniform slurry. The slurry was applied to a copper foil.
The painted foil was vacuum-dried in an oven at 120 °C for 12 h. After
drying, the foil was punched to make the working electrode. CR2032 coin
cells were fabricated with lithium metal chips as both counter and
reference electrodes. The electrolyte was 1 M lithium hexa-
fluorophosphate (LiPFg) salt dissolved in ethylene carbonate (EC)-
diethylene carbonate (DEC) with 1:1 vol ratio and 10 vol % fluoro-
ethylene carbonate (FEC) as the additive to provide stable cycling. Cel-
gard® 2325 film was used as the separator. Cycling and capacity
retention were measured with Neware® battery test system at different
current densities at room temperature. Specific capacities and current
densities were normalized to the weight of the silicon content in the
active material (BM Si/Gr@void@C). The average active material mass
loading of the prepared electrodes was typically 1 mg cm™2. Both cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
tests were performed employing Parstat 4000 (Princeton Applied
Research®) in the same voltage window as cycling at a scan rate of
0.05mV s~ ! and in the frequency range of 100 kHz to 1 Hz, respectively.

2.3. Structural and morphological characterization

The morphology, microstructure and elemental contents of powders
were examined using JEOL JSM-5900LV scanning electron microscope
(SEM) with accelerating voltage of 20 kV. SEM samples were first coated
with gold using a sputter coater. Transmission electron microscopes
(TEM) and energy-filtered TEM (EFTEM) in the Center for Nanoscale
Materials (CNM) at Argonne National Laboratory (ANL) were employed
to observe the carbon layer and internal voids along with the distribution
of elements. X-ray diffraction (XRD) patterns were recorded using Bruker
D2 Phaser with Bragg-Brentano geometry in the 20 range of 10° to 100°
with Cu Ko radiation (1.54056 10\). The powders were loaded in trans-
parent quartz capillary tubes of 1.0 mm in diameter and wall thickness of
0.01 mm (purchased from Charles Supper Company) inside an Ar-filled
glove box and mounted in a specially-fabricated PMMA holder with a
groove to hold the capillary. Thermal gravimetric analysis (TGA) was
measured using Mettler-Toledo® TGA-SDTA851e at a heating rate of 5 °C
min~! under the flow of dry air, while the temperature range was
25-1000 °C. Specific surface areas (SSA) of various powders were
measured using nitrogen adsorption experiments using Nova Quantach-
rome 2200e surface area & pore size analyzer. The SSA was calculated
based on Brunauer-Emmett-Teller (BET) theory, while pore volume was
obtained from Barrett-Joyner-Halenda (BJH) method. Raman spectros-
copy was carried out using Renishaw® inVia confocal Raman microscope
with llaser excitation wavelength of 514 nm and the grating of 1800 lines
mm~ .



M. Ashuri et al.

Fig. 1. SEM images: (a) silicon (Si) particles, (b) graphite (Gr) particles, (c)
hand-mixed Si/Gr, (d) 2 h-BM Si/Gr, (e) 6 h-BM Si/Gr, and (f) 10 h-BM Si/Gr.
The meaning of the sample ID can be found in Table 1.

3. Results and discussions

3.1. Powder characteristics of Si/Gr@void@C at different stages of
synthesis

The as-received silicon and graphite particles are shown in
Fig. 1(a)-(b), respectively. Silicon particles have irregular morphology
with relatively large particle size (ranges from 5 to 40 pm) which is
consistent with product details provided by the Sigma Aldrich® (~325
mesh). In contrast, graphite has flake-like morphology with 2D plate
dimensions larger than 50 pm. As expected, hand mixing of silicon and
graphite does not change the morphologies and particle sizes of both
powders (Fig. 1c). However, ball milling has significantly reduced the
particles sizes of both silicon and graphite powders and changed graphite
from flake-like morphology to round particles, as revealed in Fig. 1(d)-
1(f). The ball milled powders exhibit agglomeration with agglomerate
sizes ranging from 1 pm to as large as 60 pm (see Figs. S1-S3 in Sup-
plemental Material), while the primary particles forming these agglom-
erates have sizes in low sub-micrometer and nanometer ranges (see TEM
and XRD analysis later). Increasing the ball milling time has made the
sizes of primary particles more uniform and smaller.

To find out the degree of mixing of silicon and graphite as well as the
possible contamination from the steel ball debris, several spots of ball
milled powders were checked using the energy dispersive spectrometer
(EDS) for each sample (Figs. S1-S3 and Tables S1-S3). Two trends are
noted from the EDS analysis. First, the iron impurity from the steel balls
increases with ball milling time and distributes everywhere in the 10-h
ball milled sample (Table S3). However, the maximum iron impurity
observed in the 10-h ball milled sample was no more than 3 wt % which
is not expected to decrease the Si specific capacity much because Fe could
react with Si to form FeSi/FeSi; in the subsequent high temperature re-
action. Further, the elastic sites of a small amount of FeSi/FeSis
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crystallites can act as buffers when Si expands during lithiation [38,39].
In addition, the Fe impurity will not increase the conductivity of the
powder because of its small amount. Second, graphite has not been
uniformly mixed with Si even after 10-h ball milling (Table S3). Since the
detection volume for spot EDS analysis is about 1 pm (in this study), this
result indicates that at 1-pm level many Si agglomerates do not contain
graphite, and this is true for 2-h, 6-h and 10-h ball milled samples. It is
anticipated that uniform mixing of Si and graphite can be enhanced if
prolonged ball milling time is employed, but this will increase the Fe
impurity level. Thus, we have limited ourselves to investigate the effects
of 2- to 10-h ball milling times in this study. The result of many Si ag-
glomerates with no graphite may suggest that there is no need to include
graphite during ball milling, which should be investigated in the future.

To better understand the effects of ball milling time, specific surface
areas (SSA) of powders with different ball milling times were measured
through the BET method. As shown in Table 1, even 2-h ball milling has
increased the SSA significantly (from 1.2 m? g~ for Si powder before ball
milling to 10.2 m? g~! after 2-h ball milling). Furthermore, the SSA in-
creases with ball milling time. Assuming that the ball milled particles
have spherical shape and are composed of Si particles only, the equiva-
lent particle size can be estimated. The estimated equivalent particle size
exhibits a clear trend, that is, the equivalent particle size decreases with
increasing ball milling time (Table 1). This trend is in excellent agree-
ment with the SEM observations, i.e., primary particle sizes become more
uniform and smaller as ball milling time increases (Fig. 1 and Fig. S1 —
S3). It appears that the equivalent particle sizes of 6-h and 10-h ball
milled powders (100 and 90 nm, respectively) are close to the sizes of
primary particles forming agglomerates (to be discussed later with TEM
images), suggesting that the ball milled (BM) Si/Gr agglomerates shown
in Fig. 1 are loose agglomerates with open pores between primary par-
ticles. The pore volume has also increased drastically for all partially
etched samples, as shown in Table 1. It is well known that the nitrogen
adsorption method is only sensitive to pores with sizes <50 nm. Never-
theless, the consistent jump in the pore volume from ~0.05 cm® g~! for
all of the un-etched samples to ~0.3-0.4 ecm® g~! for all of the etched

Table 1

Specific surface area, pore volume and equivalent particle size of Si/Gr@void@C
nanocomposites at different stages of synthesis extracted from BET and BJH
methods.

Processing Specific Surface Pore Volume Equivalent Particle

Condition® Area (In2 g’l) (cm3 g’l) Size (nm)

Pure Silicon 1.227 0.003 1050

Pure Graphite 4.274 0.015 -

2 h-BM Si/Gr 10.219 0.042 130

2 h-BM Si/Gr@C 42.427 0.056 -

2 h-BM Si/ 80.913 0.448 -
Gr@void@C-70

2 h-BM Si/ 122.262 0.447 -
Gr@void@C-80

6 h-BM Si/Gr 12.408 0.045 100

6 h-BM Si/Gr@C 15.790 0.065 -

6 h-BM Si/ 124.276 0.317 -
Gr@void@C-70

6 h-BM Si/ 174.256 0.478 -
Gr@void@C-80

10 h-BM Si/Gr 14.003 0.058 90

10 h-BM Si/Gr@C 21.858 0.042 -

10 h-BM Si/ 224.345 0.352 -
Gr@void@C-70

10 h-BM Si/ 73.614 0.188 -

Gr@void@C-80

? The meanings of sample IDs are as follows. 10 h-BM Si/Gr stands for 10 h ball
milled Si/Gr mixture, while 10 h-BM Si/Gr@C represents 10 h-BM Si/Gr with
carbon coating. 10 h-BM Si/Gr@void@C-70 and 10 h-BM Si/Gr@void@C-80
stand for 10 h-BM Si/Gr@C with NaOH etching at 70 °C and 80 °C, respectively.
Other sample IDs with 2 h and 6 h refer to 2 h and 6 h ball milling, respectively,
while keeping all other symbols with the same meanings as 10 h BM samples.
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Fig. 2. XRD patterns of Si/Gr nanocomposites after different milling times as
indicated. To better illustrate the effect of milling on the patterns, the XRD
patterns of pure Si, pure graphite, and hand-mixed Si/Gr are provided. All
patterns were collected in capillary tube.

samples reveals that partial etching of the Si core has taken place for all of
the etched samples.

X-ray diffraction patterns of Si/Gr nanocomposites after 2, 6 and 10 h
of ball milling are shown in Fig. 2. The patterns were collected in quartz
capillary tubes and the sample loading was done inside the Ar-filled
glovebox because the powders after ball milling became reactive and
prone to oxidation. The XRD patterns of bare silicon and graphite pow-
ders were also collected in the capillary tube. These patterns helped us to
check the presence of the crystalline phases during the synthesis. The
silicon was detected with its characteristic peaks located at 28°, 47°, 56°
and 69°. The graphite's major peak is located at 26.7°, but its intensity is
very low even in the pure graphite case. This phenomenon can be
attributed to the masking effect of the PMMA holder which has two
strong peaks with one at 16° and the other at 26.7°. Since the amount of
powder loaded in each tube was small and because of the masking effect
of the PMMA holder, the data collection time was set as 10 h for each
pattern to obtain a higher signal-to-noise ratio. Comparison between the
patterns clearly shows the amorphization trend of powder. After 2- and 6-
h ball milling, the very low intensity peaks of silicon are still present.
However, all Si peaks disappear after 10-h ball milling, suggesting that
the sample has become amorphous. No pattern suggests the formation of
any new compounds, such as silicon carbide, during high-energy ball
milling. The particle size reduction and gradual amorphization of Si
powders are in good accordance with the well-known phenomenon of
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repeated deformation, fracture, and cold welding of particles during
high-energy ball milling, leading to the formation of nanostructured
particles and eventual amorphization of particles [40-42].

TEM images and elemental mapping of Si/Gr nanocomposites ball
milled for 2 h and coated with carbon (denoted as 2 h-BM Si/Gr@C
hereafter) are shown in Fig. 3. The particles look dark under TEM with no
signs of any voids inside. Elemental mapping reveals that the core of
particles consists of silicon with some carbon. The latter is likely due to
the TEM transmission mode of the carbon coating in imaging which
overlaps with the nanostructured silicon core. The presence of the carbon
coating is clearly visible and the thickness of the coating varies between
10 and 20 nm at different spots. This difference roots from the irregular
morphology of the ball milled powder. Note that individual particle size
is in the order of 100-200 nm even only after 2-h ball milling. These
particle sizes are consistent with the equivalent particle size estimated
from the SSA (Table 1), confirming that the agglomerates shown in
Fig. 1d are loose agglomerates with average primary particle sizes near
130 nm.

The TEM images of the 2 h-BM Si/Gr@C nanocomposite after etching
at 80 °C (denoted as 2 h-BM Si/Gr@void@C-80 hereafter) are very
different from those before etching shown in Fig. 3. In particular,
numerous voids are formed inside the particles, as evidenced by the
numerous thickness contrast inside the particles (Fig. 4). These voids are
distributed uniformly inside the particles and can accommodate the
volume expansion of Si during its lithiation process in electrochemical
testing. The elemental mapping shows uniform distribution of Si and C as
well as the presence of a carbon coating. These findings are in good
agreement with the data collected through the nitrogen adsorption test
tabulated in Table 1. As mentioned before, high-energy ball milling has
increased the SSA comparing to the starting silicon and graphite pow-
ders. The carbon coating derived from PODA further increases the SSA in
all three ball milling conditions, indicating that the carbon coating is
porous. This explains why partial etching of the nanostructured Si core
can be done by the NaOH solution. After etching the SSA increases
further, again for all three ball milling conditions (2, 6 and 10 h) and two
etching temperatures (70 and 80 °C). The significant increase in the SSA
after etching can be explained by partial etching of the Si core as revealed
by TEM analysis.

Fig. 5 presents the XRD patterns of specimens before and after etching
for all three ball milling conditions and two etching temperatures. The
coating and coating process did not change the amorphous structure and
no new crystalline phases were detected in the XRD patterns. No crys-
talline carbon peaks are observed either, suggesting that the carbon
coating derived from PODA is amorphous. Additionally, the amorphous
nature of Si/Gr@C was preserved for all three ball milling conditions
after etching at both 70 and 80 °C.

Fig. 6 illustrates the Raman spectra for the Si/Gr@C nanocomposite
ball milled for 2 h before and after etching at 80 °C. The sharp peak

Fig. 3. (a) TEM image of 2 h-BM Si/Gr@C powder and (b) the corresponding
elemental mapping of the powder in (a). Silicon element is represented with
blue color, while carbon element is shown with green color.
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Fig. 4. (a) TEM image of 2 h-BM Si/Gr@void@C-80 powder and (b) the cor-
responding elemental mapping of the powder in (a). Silicon element is repre-
sented with blue color, while carbon element is shown with green color.
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Fig. 5. XRD patterns of Si/Gr@void@C nanocomposites. The ball milling time
and etching temperature for each sample are indicated in the figure. The broad
peak at 17° and the sharp peak at 27° are both associated with the
PMMA holder.
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Fig. 6. Raman spectra of 2 h-BM Si/Gr@void@C-80 and 2 h-BM Si/Gr@C
nanocomposites.

associated with 519 cm ™! is related to crystalline silicon, while the broad
peak positioned at 950 cm ™" is assigned to Si-O formed on the surface of
the material [43]. In both cases the silicon peak was observed which
means that partial etching of the Si core has been achieved. The carbon
coating derived from PODA results in the formation of both
disorder-induced (D band) and graphitized (G band) carbon in Si/Gr@C
and Si/Gr@void@C materials. The D band is associated with low sym-
metry carbon and defects in the structure, while G band originates from
the stretch vibration of sp? hybrid orbital in the structure. The disordered
carbon contains more defects with higher flexibility and less conductivity
than graphitized carbon. However, the disordered carbon with more
defects and vacancies has more sites for Li* ions which improves the
capacity of the battery [44-47]. The intensity ratio of the D band to G
band (Ip/Ig) is 0.85 and 0.96 for the samples before and after etching,
respectively. These ratios clearly illustrate the presence of significant
disordered carbon in the samples, indicating that the carbonization
condition (800 °C for 3 h) is not sufficient to fully graphitize the carbon.
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To determine the carbon content in the final Si/Gr@void@C nano-
composites for the three ball milling and two etching conditions, thermal
gravimetric analysis (TGA) was performed under the flow of dry air for
samples at various stages of synthesis (Fig. 7). Note that the TGA curves
of Si/Gr@void@C nanocomposites are the combined effects of silicon
weight gain and graphite weigh loss owing to oxidation of both Si and C,
respectively, during heating in air. Therefore, to estimate the carbon
content in Si/Gr@void@C nanocomposites, both of these processes
should be considered. By considering how much carbon has been intro-
duced in the carbon coating process and the final weight change of Si/
Gr@void@C nanocomposites, one can estimate the carbon content in Si/
Gr@void@C nanocomposites. The detailed procedure for this estimation
is shown in Supplementary Material and the final results of the carbon
content in each Si/Gr@void@C nanocomposite are summarized in
Table 2.

3.2. Charge/discharge properties of Si/Gr@void@C nanocomposites

Fig. 8 consists of the cycle performance of Si/Gr@void@C nano-
composites at different stages of synthesis subjected to galvanostatic
charge/discharge at different current rates. The data have been collected
in CR2032 half-cell configuration with Li chip as both reference and
counter electrode. The formation cycle protocol was 5 cycles at
0.05 A g~ ! followed by 5 cycles at 0.1 A g~* between 0.01 and 1 V. The
voltage window for the rest of cycles was 0.1-1 V. The Si content in the
active material (i.e., BM Si/Gr, BM Si/Gr@C, BM Si/Gr@void@C-70, and
BM Si/Gr@void@C-80) is used to calculate the specific capacity data in
the figure. The first cycle's voltage profiles of different samples are
plotted and supplemented in Figs. S4-S6. In addition, the initial
Coulombic efficiency of each battery is reported in Table S4. The effect of
ball milling time is shown in Fig. 8a, while the effect of carbon coating
can be derived from Fig. 8b. The effects of etching and etching temper-
ature are shown in Fig. 8(c) and (d). It is very clear that the effects of
these parameters on charge/discharge properties of Si-based electrodes
are very complicated, but some important trends are present as discussed
below.

First, as shown in Fig. 8a, the specific capacity of Si increases with ball
milling time, i.e., 10 h-BM Si/Gr has the highest specific capacity,
whereas 2 h-BM Si/Gr has the lowest one. This trend is related to the fact
that longer ball milling time results in finer Si particles (Fig. 1 and
Table 1). As particles become smaller, the specific surface area becomes
larger and thus the interfacial area between Si particles and the liquid
electrolyte becomes larger per unit Si mass. This increased interfacial
area per unit Si mass results in faster lithiation/delithiation and thus
larger specific capacity of Si for a given charge/discharge rate.

Second, the specific capacity of Si particles with 2 h ball milling be-
comes the largest after the carbon coating (Fig. 8b). That is, 2 h-BM Si/
Gr@C has the highest specific capacity, whereas 10 h-BM Si/Gr@C has
the lowest one. This new order of the specific capacity is completely
opposite to that for the as-ball milled condition. In addition, it is noted
that the specific capacities of 2 h-BM Si/Gr@C and 6 h-BM Si/Gr@C
(Fig. 8b) are significantly higher than those of the corresponding ball-
milled powders without the carbon coating (Fig. 8a). This significant
enhancement is attributed to the carbon coating which improves the
electronic conductivity on the surface of Si particles and thus accelerates
the lithiation/delithiation process at the Si/electrolyte interface.

Third, in contrast to the significant specific capacity improvement
displayed by 2 h- and 6 h-BM Si/Gr@C electrodes, 10 h-BM Si/Gr@C
electrode actually exhibits a decrease in the specific capacity when
compared with the counterpart without the carbon coating. This phe-
nomenon occurs because of two competing processes taking place at the
same time during the carbon coating process. One is the improvement in
the electronic conductivity on the surface of Si particles induced by the
carbon coating, as mentioned before. The other is the oxidation of Si
surface by the water in the PODA aqueous solution to form SiOH which is
dissociated to SiO~ and H" in neutral and basic aqueous solutions [48].
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Fig. 7. TGA curves of Si/Gr@void@C nanocomposites at different stages of synthesis: (a) BM Si/Gr, (b) BM Si/Gr@C, (c) BM Si/Gr@void@C-70, and (d) BM Si/
Gr@void@C-80. The ball milling time for each sample is indicated in the figure.

10 h-BM Si/Gr powder has a larger SSA than 2 h- and 6 h-BM Si/Gr
powders (Table 1). Thus, more Si is oxidized during the carbon coating
process for 10 h-BM Si/Gr powder than for the other two powders. The
formation of SiO and SiOH reduces the quantity of Si available for lith-
iation/delithiation. This negative effect outweighs the positive effect of
the carbon coating and thus decreases the specific capacity of 10 h-BM
Si/Gr@C electrode. Note that the negative effect of forming SiO and
SiOH on the surface of Si particles is also present for 2 h- and 6 h-BM
Si/Gr powders, but they have smaller SSA than the 10 h-BM counterpart
and thus less formation of SiO and SiOH. In fact, 2 h-BM Si/Gr powder
has the smallest SSA among the three powders and thus the smallest
formation of SiO and SiOH. As a result, its specific capacity exhibits the

Table 2
Carbon content estimates for different Si/Gr@void@C nanocomposites with
different processing conditions obtained from TGA curves.

Processing Condition Carbon Content (wt. %)

Pure Silicon 0.0
Pure Graphite 100.0
2 h-BM Si/Gr 10.0
2 h-BM Si/Gr@C 19.6
2 h-BM Si/Gr@void@C-70 28.7
2 h-BM Si/Gr@void@C-80 31.0
6 h-BM Si/Gr 10.0
6 h-BM Si/Gr@C 17.4
6 h-BM Si/Gr@void@C-70 19.0
6 h-BM Si/Gr@void@C-80 27.2
10 h-BM Si/Gr 10.0
10 h-BM Si/Gr@C 13.7
10 h-BM Si/Gr@void@C-70 18.5
10 h-BM Si/Gr@void@C-80 22.5
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largest improvement after the carbon coating (such as a drastic increase
from 320 mA h ¢! to 1000 mA h g ! at the 11th cycle at the current
density of 0.2 A per gram of Si). 6 h-BM Si/Gr powder has the interme-
diate SSA and thus still experiences the positive effect of the carbon
coating, showing the improvement in the specific capacity.

Fourth, all Si/Gr@void@C electrodes (Fig. 8c) exhibit significant
decrease in the specific capacity when compared with the corresponding
Si/Gr@C electrodes (Fig. 8b) before NaOH etching at 70 °C. This con-
spicuous trend is attributed to oxidation of the nanostructured Si core of
the Si/Gr@C particles during etching, as explained below. The mecha-
nisms to etch bulk Si wafers using NaOH and KOH solutions have been
studied extensively [49-55]. It is generally agreed that hydroxide etching
of Si is accompanied by a series of oxidation and reduction reactions
which can be summarized in three steps: (1) silicate formation through
silicon oxidation by hydroxyl groups, (2) water reduction and hydrogen
release, and (3) evolution of complex compounds which are soluble in
water. The reaction associated with each step is summarized below [49,
50].

(1) Oxidation of Si by hydroxyl radicals:

Si +20H™ — Si(OH3" + 4e” €8]
(2) Reduction of water:

2H,0 + 2e~ — H, 14 20H™ 2
(3) Formation of a water-soluble complex:

Si(OH)3" + 4e™ + 4H,0 — Si(OH)Z~ + 2Ha1 3
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When it comes to etching of the nanostructured Si core of the Si/
Gr@C particles, the same etching mechanism applies and results in the
formation of Si/Gr@void@C particles with void space created inside Si/
Gr@void@C particles as shown by TEM analysis (Fig. 4). However,
nanostructured Si are chemically more active than bulk Si because of its
high SSA. As a result, nanostructured Si is easily oxidized in aqueous
solution even at room temperature [56,57]. For nanostructured Si, water
could act as both acid and base, providing OH™ and H' for oxidation of
Si. Therefore, we hypothesize that the nanostructured Si core of the
Si/Gr@C particles is partially oxidized during the NaOH etching process.
Since the specific capacity of SiOx (x < 2) is lower than that of Si [25], the
specific capacities of all Si/Gr@C electrodes decrease after NaOH etching
because of the partial replacement of the nanostructured Si by SiOy
(x < 2). This hypothesis is in good agreement with the cyclic voltam-
metry (CV) analysis (to be discussed later).

Fifth, NaOH etching at 80 °C results in even lower specific capacities
(Fig. 8d) than etching at 70 °C (Fig. 8c) for both 2 h- and 6 h-BM powders.
This trend suggests that there is more oxidation of the nanostructured Si
core at 80 °C etching than at 70 °C etching. Experimentally, hydrogen
bubbles were observed after about 5 min at 70 °C, whereas the bubbles
appeared after only 2 min at 80 °C, indicating that etching kinetics has
been enhanced at 80 °C but oxidation of the nanostructured Si core is
accelerated as well (supported by the CV analysis below). Although both
2 h- and 6 h-BM powders etched at 80 °C have displayed lower specific
capacities than their counterparts etched at 70 °C, 10 h-BM powder
shows an opposite trend, i.e., the specific capacity of 10 h-BM Si/
Gr@void@C etched at 80 °C is higher than that of the counterpart etched
at 70 °C. This phenomenon is not fully understood yet but may be due to
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its severe oxidation state before the etching starts. Additional studies on
etching temperature effects are needed in the future to elucidate this
phenomenon.

Sixth, although NaOH etching at both 70 °C and 80 °C has reduced
the specific capacity of all Si/Gr@C powders, the resulting Si/
Gr@void@C powders after etching have exhibited much better cycle
stability than the corresponding Si/Gr@C powders before etching. For
example, 2 h-BM Si/Gr@C (Fig. 8b) lost about 25% capacity from the
10th cycle to 30th cycle at the current density of 0.2 A g~*. In contrast,
2 h-BM Si/Gr@void@C-80 (Fig. 8d) displays only about 2% capacity
decrease in the same cycle range at the same current density. Similarly,
6 h- and 10 h-BM Si/Gr@void@C powders have far better capacity
retention than their Si/Gr@C counterparts. This salient trend is consis-
tent with the concept that the voids inside Si/Gr@C particles can provide
space to accommodate Si volume expansion during lithiation and thus
little or no cracking of the carbon shell, thereby a stable electrode/
electrolyte interface, no repeated SEI layer fracture and formation, and
thus stable cycle stability [14-20]. Therefore, it is important to conduct
additional studies in the future to identify the optimized ball milling,
carbon coating, and partial etching conditions so that oxidation of the
nanostructured Si core can be minimized while sufficient partial etching
of the nanostructured Si core can be achieved simultaneously.

3.3. Cyclic voltammetry and impedance analysis

To provide better understanding of the charge/discharge properties
of Si/Gr@void@C at different stages of synthesis discussed above, CV
experiments were conducted for all samples at different stages of
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synthesis. The CV results of 2 h-, 6 h- and 10 h-BM samples with and
without carbon coating and etching are shown in Figs. 9-11, respectively.
With the aid of these CV data the effects of ball milling, carbon coating,
and etching on the charge/discharge properties of Si/Gr@void@C at
different stages of synthesis can be better understood, as discussed below.

In all of the CV experiments, the first operation is the cathodic scan
starting from the open circuit voltage (~3 V vs. Li/Li") and ending at
0.005 V. As shown in Figure 9a, 2 h-BM Si/Gr electrode displays two
strong cathodic peaks, one centered at ~0.18 V (vs. Li/Li") and the other
at the cut-off potential (0.005 V). The peak at ~0.18 V is related to the
formation of metastable Li-Si amorphous phases (Li,Si) [58,59], while
the sharp peak at the cut-off potential is attributed to the phase transition
of amorphous Li,Si to crystalline LijsSis [60]. The anodic peaks are
located at 0.38 and 0.56 V, corresponding to the step de-alloying from
highly lithiated Si to less lithiated Si and finally to Si. The intensities of
both cathodic and anodic peaks increase with cycle numbers because of
the activation process of the electrode material, which is consistent with
other similar studies [61-63]. The behavior of 2 h-BM Si/Gr@C electrode
is similar to that of 2 h-BM Si/Gr but with stronger current, suggesting
the improved lithiation/delithiation kinetics because of the presence of
the carbon coating.

However, after partial etching of the nanostructured Si core by the
NaOH solution at 70 and 80 °C, the CV curves of 2 h-BM Si/Gr@void@C
electrodes (Fig. 9c and d) exhibit some features different from those of
2 h-BM Si/Gr and 2 h-BM Si/Gr@C (Fig. 9a and b). In particular, the
cathodic peak at ~0.18 V becomes very small for the 70 °C-etched
electrode and almost disappears for the 80 °C-etched electrode. This
trend unambiguously reveals less formation of amorphous Li,Si phases
for the etched samples than for the un-etched samples. One highly
possible reason for this phenomenon to occur is the oxidation of the
nanostructured Si core during etching, leading to less Si available to form
amorphous Li,Si phases during lithiation. This hypothesis is in good
agreement with the CV curves of 6 h- and 10-h BM samples (to be dis-
cussed below). Another less obvious trend is the anodic peak at 0.38 V
becomes weaker and broader after etching, indicating that the kinetics
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for de-alloying from highly lithiated Si to less lithiated Si has become
slower. This trend becomes stronger and obvious for 6 h- and 10 h-BM
samples, probably induced by the presence of SiOx (x < 2) on the surface
of the nanostructured Si core.

The third trend manifested by 2 h-BM samples is the appearance of
the broad peak at 1.2-1.5 V for the sample etched at 70 °C (Fig. 9¢) and
the broad peaks at ~0.7 V and 1.2-1.5 V for the sample etched at 80 °C
(Fig. 9d) in the first cathodic scan. The peak at ~0.7 V is known to
correspond to the decomposition of EC/DEC and the peak at 1.2-1.5 V is
related to the decomposition of FEC/VC to form SEI layer [64,65]. These
peaks disappear in the subsequent cycles, indicating that most of SEI
layer formation takes place in the first scan. Interestingly, these elec-
trolyte decomposition peaks are not visible for the samples before
etching (Fig. 9a and b). The possible reason for this discrepancy is that
the etched samples have much larger SSA than the un-etched samples
(Table 1). As a result, the etched samples have much more electro-
de/electrolyte interfacial area than the un-etched samples to induce the
electrolyte decomposition and formation of SEI layer.

6 h- and 10 h-BM samples (Figs. 10 and 11) also possess the three
trends discussed above for 2 h-BM samples but with the following two
deviations. First, the cathodic peak at ~0.18 V completely disappears in
most cases (such as Fig. 10c, d, and 11d), suggesting the presence of
substantial SiOy (x < 2) on the surface of the nanostructured Si core
which reduces the kinetics to form amorphous LixSi phases as well as
decreasing the quantity of Si available for lithiation. Second, the in-
tensities of dealloying peaks at 0.38 and 0.56 V become weaker and
broader, and these two peaks merge together for the samples etched at
80 °C, unequivocally showing that the kinetics for dealloying has reduced
dramatically after etching, particularly after etching at 80 °C.

Note that all of the trends discussed above for the CV data can be
rationalized as follows. The carbon coating has improved the lithiation
and delithiation kinetics for both 2 h- and 6 h-BM samples, as evidenced
by the increased currents of both cathodic and anodic peaks when
compared with the counterparts without the carbon coating (Figs. 9 and
10). However, this is not the case for 10 h-BM sample (Fig. 11) because
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the carbon coating process with aqueous PODA solution also introduces
oxidation of the nanostructured Si core. 10 h-BM sample has a larger SSA
than both 2 h- and 6 h-BM samples (Table 1) and thus is prone to
oxidation which outweighs the benefit of the improved electronic con-
ductivity provided by the carbon coating. Etching also results in some
oxidation of the nanostructured Si core, leading to further reduction in
the lithiation and delithiation kinetics as evidenced by the decreased
currents of both cathodic and anodic peaks as well as merger of the
dealloying peaks at 0.38 and 0.56 V. Etching at 80 °C causes more
oxidation of the nanostructured Si core because the alloying peak at
~0.18 V has completely disappeared for both 6 h- and 10 h-BM samples
(Figs. 10 and 11), while this peak has almost disappeared for 2 h-BM
sample (Fig. 9). These trends are consistent with the trends with which
the specific capacities of various samples change with the carbon coating,
ball milling time, and etching temperature as shown in Fig. 8. Finally, it
should be emphasized that although NaOH etching at 70 and 80 °C has
caused some oxidation of the nanostructured Si core, partial etching of
the nanostructured Si core has resulted in significant improvement in
charge/discharge cycle stability (Fig. 8). Thus, the challenge is how to

Table 3

EIS data analysis using RCQR)W model.
Processing Condition Ronm () R, (Q)
2 h-BM Si/Gr 51.19 192.7
2 h-BM Si/Gr@C 22.92 106.7
2 h-BM Si/Gr@void@C-80 47.71 341.3
6 h-BM Si/Gr 14.04 74.46
6 h-BM Si/Gr@C 11.26 61.25
6 h-BM Si/Gr@void@C-80 10.56 228
10 h-BM Si/Gr 6.208 30.82
10 h-BM Si/Gr@C 15.23 75.34
10 h-BM Si/Gr@void@C-80 49.85 358.8
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achieve cycle stability through partial etching while minimizing oxida-
tion of the Si core and thus a limited decrease in the specific capacity.
This topic deserves further investigation in the future.

To provide additional insights into the charge/discharge behavior of
Si/Gr@void@C at different stages of synthesis, EIS analysis has been
conducted. Nyquist plots of Si/Gr@void@C nanocomposites at different
conditions are summarized in Fig. 12. The EIS measurements were per-
formed after one day of fabrication of coin cells before the cycling process
started. Nyquist plots of all cells have one depressed semicircle followed
by a straight line at the low frequency region. It is known that the
intercept of the semicircle with the real axis at the highest frequency,
denoted as Rony, in this study, reflects the sum of ohmic resistances of the
electrolyte and the other resistive components such as separator, current
collectors, and cell connectors [66]. The diameter of the depressed
semi-circle is associated with charge transfer resistance (R.), while the
elongated tail indicates the diffusion of Li ions (Warburg impedance
element) [67]. Recall that the EIS measurements were conducted before
the charge/discharge cycles and thus all the cells have little or no SEI
layers. Thus, the diameter of the depressed semi-circle does not contain
the impedance from the SEI layer, Rg;. Using the equivalent circuit R(QR)
W, the magnitude of Ryn, and R have been quantified and listed in
Table 3. A close examination of Table 3 reveals that both Ry, and R, of
2 h- and 6 h-BM Si/Gr cells decrease after the carbon coating, unequiv-
ocally showing the benefit of improving the electronic conductivity on
the surface of Si particles afforded by the carbon coating. This trend is in
excellent agreement with the improved specific capacity of 2 h- and
6 h-BM Si/Gr@C cells shown in Fig. 8. In contrast to this trend, both Rypm,
and R, of 10 h-BM Si/Gr cells increase after the carbon coating, most
likely resulting from the severe oxidation of the nanostructured Si core
which outweighs the carbon coating benefit. This increase in Ropy, and R
is also reflected in the reduction of the specific capacity of 10 h-BM
Si/Gr@C cells shown in Fig. 8.

Another salient trend exhibited by all cells is that Rop, and R,
particularly the latter, increase dramatically after NaOH etching of the
nanostructured Si core at 80 °C, revealing that oxidation of the Si core
during NaOH etching has led to harmful effect and increased the charge
transfer impedance substantially. This harmful effect has manifested
clearly in the decreased specific capacities of all Si/Gr@void@C-80 cells
shown in Fig. 8. Table S5 contains a comparison between this work and
other literature [29,68-71]. It highlights the advantage of engineered
voids over other designs proposed for silicon anodes. However, it is
necessary to minimize the partial oxidation of Si during etching. Thus,
further investigation of NaOH etching conditions is required in the future
to minimize oxidation of the nanostructured Si core while providing the
engineered void space to improve cycle stability of Si anodes.

4. Conclusions

In summary, this study investigates a scalable, environmentally
benign and potentially low cost process to fabricate silicon/graphite
nanocomposites with engineered voids and encapsulated by a carbon
shell (Si/Gr@void@C). This process starts with high-energy ball milling
of micrometer-sized Si and graphite particles, followed by carbon coating
with PODA precursor and finally partial Si etching with a NaOH solution
at 70 or 80 °C. The effects of the ball milling time and NaOH etching
temperature, particularly their interplay, on the electrochemical prop-
erties of Si/Gr@void@C are studied in detail. Through these in-
vestigations the following conclusions can be made.

(1) High-energy ball milling improves the specific capacity of Si
anode because of the reduction of primary particle sizes from
micrometers to around 100 nm. 10-h ball milling is more effective
in enhancing the specific capacity than 2-h ball milling because
the former leads to finer particle sizes and larger specific surface
area than the latter. However, all ball-milled samples exhibit rapid
capacity decay in the first 30 cycles.
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(2) 10-h ball milling is not sufficient to mix Si and graphite uniformly
at the sub-micrometer scale. As a result, many ball-milled particles
are composed of Si only. This result may suggest that there is no
need for adding some graphite in the ball milling process, which
should be investigated in the future.

(3) The PODA-derived carbon coating improves the cycle stability as
well as the specific capacity of Si/Gr@C anode because of the
improved electronic conductivity and mechanical integrity
derived from the carbon coating. The carbon coating process using
PODA as the precursor also causes surface oxidation of ball-milled
Si particles. 2 H ball-milled sample displays the largest improve-
ment in the specific capacity because it has limited specific surface
area and thus the benefit of the improved electronic conductivity
outweighs the shortcoming of surface oxidation of ball-milled Si
particles. 10-h ball-milled sample exhibits a slight decrease in the
specific capacity because the drawback of surface oxidation out-
weighs the benefit of the improved electronic conductivity.

(4) The engineered voids generated through partial etching of the
nanostructured Si core inside the carbon shell using a NaOH so-
lution at 70 and 80 °C have improved the cycle stability of Si/
Gr@void@C anode, but also resulted in lower specific capacity.
The NaOH etching provides engineered voids to accommodate
silicon expansion and shrinkage during lithiation/delithiation,
but also leads to surface oxidation of the nanostructured Si core.
As aresult, the cycle stability is improved, but the specific capacity
is reduced.

(5) In general, etching at 80 °C results in more surface oxidation of the
nanostructured Si core than etching at 70 °C. However, the effects
of etching on the electrochemical properties also depend on the
ball milling time. At 70 °C etching condition, 2-h ball-milled
sample exhibits a good combination of superior discharge capac-
ity and stable capacity retention. At 80 °C etching condition, 10-h
ball-milled sample has high specific capacity than 2-h and 6-h
ball-milled samples. The complicated interplay between the ball
milling time and NaOH etching temperature needs to be further
investigated in the future to develop better mechanistic under-
standing and optimized processing conditions for Si/Gr@void@C
anodes with high specific capacity and good cycle stability.
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