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Abstract: We coated graphitic nanocarbons by thermal chemical vapor deposition (CVD) on silicon
flakes recycled from the waste of silicon wafer manufacturing processes as an active material for the
anode of lithium ion battery (LIB). Ferrocene contains both iron catalyst and carbon, while camphor
serves as an additional carbon source. Water vapor promotes catalytic growth of nanocarbons,
including carbon nanotubes (CNTs), carbon fibers (CFs), and carbon films made of graphitic carbon
nanoparticles, at temperatures ranging from 650 to 850 °C. The container of silicon flakes rotates
for uniform coatings on silicon flakes of about 100 nm thick and 800-1000 nm in lateral dimensions.
Due to short CVD time, besides CNTs and CFs, surfaces of silicon flakes deposit with high-density
graphitic nanoparticles, especially at a low temperature of 650 °C. Nanocarbon coatings were
characterized by SEM, EDX, ESCA, and Raman spectroscopy. Half-cells were characterized by
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and retention of capacity
in discharge/charge cycling. Silicon-flake-based anode with nanocarbon coatings at both 650 and
850 °C exhibited capacity retention of 2000 mAh/g after 100 cycles at 0.1 C, without needing any
conductivity enhancement material such as Super P.

Keywords: LIB; silicon; silicon oxide; CNT; CF; nanocarbon; anode

1. Introduction

The lithium ion battery (LIB) is characterized as having high potential, energy density,
and power and being capable of having a long cycling life for repetitive charging and
discharging in a wide temperature range. The commonly used anode material for LIB is
graphite, which has a theoretical capacity of 372 mAh/g. The capacity of graphite does
not meet the high demands by long-range electric vehicles (EVs) and large-scale storage
of intermittent renewable energy [1-3]. Silicon provides some hope for greatly increased
capacity of LIB anode because its theoretical capacity of 4200 mAh/g is more than ten times
of that for graphite [4]. Besides this, silicon is widely used in the semiconductor industry
and is abundant and inexpensive. Unlike delithiation and lithiation of graphite anode
during charge and discharge cycling, lithium forms alloys with silicon during discharging.
The alloys dissociate to release lithium during charging. The discharge potential for silicon
is low. It is inert to solvent co-intercalation [5,6]. However, the alloying reactions and the
subsequent dissociation of alloys result in as high as 420% volume changes of silicon [7].

Silicon has large volume change on cycling. Brittle silicon might crack. Crack surfaces
yield fresh solid-electrolyte interphase (SEI). SEI creation consumes lithium irreversibly.
Irreversible lithium consumption makes the battery fail prematurely [8,9].

An ideal electrolyte is an ionic conductor but electronic insulator. When an electrolyte
is unstable in the presence of the anode active material, electrons transfer from the active
material to the electrolyte causes the electrolyte to decompose by reduction. This process
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produces a compound on the surface of the active material and consume lithium. This
compound is a solid-state electrolyte, which is conductive for lithium ions but an insulator
for electrons. The compound is known as solid-electrolyte interphase (SEI). A stable
SEI prevents the electrolyte from further decomposition because the SEI is electrically
insulating and electrons cannot transport through SEI from the active material to the
electrolyte to cause more reduction of the electrolyte. If the SEI is not perfect, reduction
of electrolyte continues and the SEI grows thicker. When an active material particle
breaks apart to expose fresh surface, new SEI layer will form on fresh surface by the same
process and more lithium is consumed [4,10-12]. SEI is a compound containing lithium.
Therefore, the formation of irreversible SEI consumes the limited amount of lithium in a
packaged LIB. If the consumption of lithium continues and the lithium is exhausted, the
LIB fails prematurely.

For a pulverized silicon particle, new SEI forms on the freshly exposed surface of
individual fine particles of silicon. The electrical connection between fine particles of a
pulverized silicon particle is also lost and electron transports to and from the fine particles
are terminated. The capability of alloying and dissociation of alloys is lost, i.e., these fine
silicon particles cease to contribute to the capacity of the anode. The pulverized silicon
particle also exposes a much larger effective silicon surface area to the electrolyte. A much
larger SEI layer will form at the expense of the limited supply of lithium within the LIB.

Therefore, two main challenges for a silicon-based LIB anode are (i) to prevent silicon
particles from breaking apart or even pulverize and (ii) to prevent broken pieces of silicon
from losing electrical connections with the current collector and reacting with the electrolyte
to form new SEI. Many efforts were made to avoid or minimize the pulverization of silicon
in a silicon anode. If pulverization occurs, smaller break-apart silicon particles must retain
their electrical connections with the current collector of a LIB and be isolated from exposing
and reacting with the electrolyte to form additional SEI. In short, maintaining the physical
integrity of silicon-based anode of LIB is the top priority.

Nanostructured silicon and nanoscale silicon particles [13-15] with critical dimensions
about sub-100 nm, especially in the low tens of nanometers, are promising candidates
because, unlike bulk silicon atoms, lithium-silicon alloys on the surface of a silicon particle
can expand outwards in volume freely. The smaller a particle is the higher the ratio of the
number of surface atoms to that of bulk atoms will be. These nanoscale silicon particles
and structures include, for example, zero-dimensional nanoparticles, one-dimensional
nanowires and nanotubes, two-dimensional nanoscale films, and three-dimensional porous
structures [16-23].

However, both top-down manufacturing and bottom-up synthesis of nanoscale silicon
particles and structures are expensive. A compromise solution for achieving durable and
high capacity by as economic as possible manufacturing methods of LIB anodes are being
pursued by technologists around the world. Graphite has been a very stable anode material
for traditional LIBs. It is natural that carbon-based nanostructures are desirable coatings
for anode materials for LIBs [24]. Silicon—carbon composites are, therefore, considered
promising for resolving the challenging issues of silicon-based anode. Graphene and
graphene oxide mix with and wrap around silicon nanoparticles [25,26]. Carbon nanotubes
(CNTs) mix with silicon particles, to fill voids between silicon nanoparticles as additional
electrical connections [27,28]. Pyrolysis of polymeric coatings on silicon nanoparticles forms
solid or porous carbon interfacial layers [29,30]. Synthesis of graphene nanowalls directly
and vertically on the silicon surface, after removing native oxide, provides both a carbon
interfacial layer and outward extending graphene as extra electrical interconnections [20].
The thermal CVD of nanocarbon films and CNT has also been studied [31-33]. An ideal
carbon interfacial layer is to provide excellent electrical conductivity, provide necessary
buffer space for the volume expansion of silicon, and isolate the fresh surface of pulverized
silicon from reactions with electrolyte, to form additional SEI. The optimal carbon interfacial
layer needs to be able to be mass-manufactured economically.
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We report the effects of in situ thermal CVD of graphitic nanocarbon coatings, in-
cluding CNT-like and carbon-fiber-like one-dimensional nanocarbon nanostructures on
silicon flakes, on sustainable cycling performance and improved retention of capacity of
silicon-based anode. Many research groups around the world have reported a wide variety
of methods of depositing CNT [34,35]. We used inexpensive silicon flakes of approximately
100 nm in thickness and 800-1000 nm in length, supplied by one of our industrial collab-
orators in Taiwan. The company produces a large quantity of waste slurry containing
flake-shaped silicon from cutting and processing silicon ingots and wafers. Proprietary
methods were applied to purify silicon flakes extracted from the waste.

2. Materials and Methods

Silicon flakes of about 100 nm thick and 800-1000 nm long and wide were acquired
from AUO Crystal, Inc., which is a silicon wafer manufacturing company. It is part
of silicon-containing waste slurry generated by cutting silicon ingots and other wafer
manufacturing processes. The company uses an economic proprietary chemical process
to recover the silicon flakes from the slurry. The industrial supplier did not specify the
doping types and concentrations.

Figure 1 shows a schematic diagram of the thermal CVD system, which is used for
the deposition of conductive graphitic nanocarbons on silicon anode materials. There
are two heating zones, with temperatures separately controlled by electronic temperature
controllers. Inside the heating zone 1 are ferrocene and camphor. Figure 2 shows the
molecular structures of ferrocene and camphor. Ferrocene contains iron, which serves
as a catalyst for the deposition of graphitic nanocarbons and one-dimensional CNTs and
CFs [36-38]. Without an effective catalyst, amorphous carbon usually deposits under
similar conditions. Ferrocene also serves as a carbon source. Camphor provides additional
carbon [39]. Both ferrocene and camphor are heated to 160 °C. Argon carries gas bubbles
through water at room temperature, carries water vapor to mix with vapor of ferrocene
and camphor in heating zone 1, and carries the mixed vapor to the heating zone 2 for CVD
reactions. The coating process does not involve combustible or explosive gas sources stored
in high-pressure cylinders, such as hydrogen and methane.

Heating Zone 2 Heating Zone 1
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Figure 1. Schematic diagram of a thermal chemical vapor deposition (CVD) system for the deposition of conductive

nanocarbons on silicon.
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Figure 2. Molecular structures of camphor and ferrocene.

Inside the heating zone 2 are silicon flakes. The container for silicon flakes is rotatable
along the longitudinal axis of the tube reactor. Deposition of conductive nanocarbons on
silicon flakes is uniform by this mechanism (not shown). A mechanical roughing pump (not
shown) pumped down the reaction chamber to about 50 mTorr. Argon gas fills the reaction
chamber. Argon gas purges the reaction chamber, to reduce the residual gases. The CVD
process was at one atmospheric pressure. Since ferrocene and camphor sublimate at a lower
temperature than that for the CVD of nanocarbons, ferrocene and camphor were placed
in the heating zone 1. The temperature in zone 1 was high enough for fast sublimation
of ferrocene and camphor, even when the heating zone 2 in the down-stream was at the
CVD temperature. Heating zone 2 was heated up first to the preset temperature of 650
or 850 °C. The heater for heating zone 1 was then turned on with a preset temperature of
160 °C. At 160 °C, ferrocene and camphor sublimate but do not decompose. The vapor
was carried by argon gas from heating zone 1 to heating zone 2, where ferrocene and
camphor decompose and deposit CNTs and nanocarbon films on silicon flakes, using iron
in ferrocene as a catalyst. The Ar flow rate is 400 sccm. An example of precursor loading
includes 0.7 g silicon flakes, 4 g camphor, and 1.8 g ferrocene. The growth time was 15 min
for the deposition of nanocarbons of about 10% by weight in the processed silicon flakes.
A bubbler isolates the reaction chamber from the atmosphere.

The morphology and the structure of the nanocarbon-coated silicon flakes were ob-
served by scanning electron microscopy (SEM, Hitachi-SU8000, Taipei, Taiwan). A Horiba
Scientific Raman (Hsinchu, Taiwan) system with a green laser at 532 nm and laser power at
450 mW was used to measure Raman spectra. The laser beam was focused on the specimen
surface in an area of about 10 pm in size. Raman spectra reveals the nanostructures of
nanocarbons. The Fe catalyst was analyzed by Electron Spectroscopy for Chemical Anal-
ysis (ESCA) (PHI 5000 Versa Probe Electron Spectroscopy for Chemical Analysis, Taipei,
Taiwan), using crystalline aluminum target at 24.9 W at an illumination angle of 45 degrees
for an exposure area of 100 m?.

Coin cells (CR2032) were fabricated for testing the performance of the anode. Nanocarbons-
coated silicon flakes were mixed with Super-P carbon black and sodium carboxymethyl
cellulose (NaCMC) in DI water with a weight ratio of 6:2:2 or 8:0:2 corresponding to
anodes with Super P additive and that without Super P additive, respectively. Super P
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conductive carbon black of the size of D50 = 20 nm and surface area of 62 m?/g was used
as a conducting additive in the anode, to improve the electronic conductivity. The slurry
was stirred homogenously and then applied on a 10 um thick copper foil, by a doctor blade.
The thickness of the active materials was 30 um. After the electrode was dried at 60 °C
for 12 h, the electrode was cut into small pieces with a diameter of 12 mm. The electrode
was put into an Ar-filled glove box with less than 0.5 ppm residual oxygen and moisture
contents, to assemble the coin cell. The electrolyte was the 1 M LiPF6 in ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1:1 v/v) solution. The charge-discharge cycling
performance was analyzed by a battery testing system (BAT-750B). The specific capacity
refers to the mAh per gram of silicon active material in the anode. When a restricted cycling
measurement is done, the target specific capacity divided by the charging—discharging rate
determines the time of discharging (lithiation) and charging (delithiation). When there is
no restriction to the maximum discharging level, the discharging is cut off at the potential
of 10 mV, and the charging is cut off at the potential of 1.5 V.

During the doctor-blade thick-film fabrication process, silicon flakes compress flexible
CNTs and CFs, to minimize the porosity. The effective surface area of CNTs- and CFs-coated
silicon flakes synthesized in our project was measured by means of the Brunauer-Emmett—
Teller (BET) method to be of the order of 50 m?/g. Because the increased effective surface
area of graphitic nanocarbons is electrochemically stable and the capacity is much smaller
than that of silicon, it does not cause significant adverse effects to the anode performance.
The electrochemical properties, such as cyclic voltammetry (CV), were measured by using
Autolab (Metrohm AUTOLAB BV). The CV measurement was carried out at a scanning
rate of 0.1 mV-s~1, at room temperature [19,20,40].

3. Results and Discussion
3.1. Thermal CVD of CNTs on Planar Oxidized Silicon Wafers

Figure 3 shows SEM images of one-dimensional CNT bundles grown at 850 °C, on
the surface of an oxidized silicon wafer, under the same conditions to be used for coating
nanocarbons on silicon flakes. The CNT density is so high that a forest-like layer of CNTs
grew on the substrate, appearing as a bright bottom in the SEM image of Figure 3A. CNTs
joined to form the top layer of a CNT forest, as shown at the top image in Figure 3A.
Figure 3B shows a magnified view of a CNT forest after wiping the substrate with a razor
blade. On the substrate, it shows a high density and short CNTs from broken CNTs by the
wiping action. Some CNT-bundles in the SEM image of Figure 3B appear to be suspending
but are actually supported by their tips, which join together with neighboring CNTs due to
the high density of the CNT-forest. Figure 3C shows a further magnified image of a bundle
of CNTS. These results clearly demonstrated that high-density CNTs grew in 15 min under
the thermal CVD conditions. Water plays an important role in etching amorphous carbon,
which may cover Fe catalyst, for Fe to remain an active catalyst.

Figure 3. Cross-sectional view of SEM images of one-dimensional carbon nanotubes (CNTs) grown on a silicon wafer under

CVD conditions for the nanocarbon coating on silicon flakes at 850 °C. (A) Top-to-bottom cross-sectional view of the CNT

forest; (B) CNT bundles near the substrate after having been wiped off by a razor blade; (C) Magnified view of (B).
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Figure 4 shows a Fe 2p ESCA spectrum of CNTs grown on silicon, at 650 °C, under
the same conditions used for this work. Peaks at 707.9 and 720.6 eV correspond to metallic
Fe. Evidences of oxidized states of Fe are displayed by the peaks at 711.0 eV, the shoulder
at 714.0 eV, and peaks at 724.4 and 727.3 eV. The CVD reactor is not of ultra-high vacuum.
The water bubbler contains deionized water without degassing. Residual oxygen oxidized
Fe in water vapor, at elevated temperature of 650 °C and above effectively. The major
role of water vapor in etching amorphous carbon coatings on the Fe catalyst at the CVD
temperature results in the Fe catalyst being active and quickly encapsulated by CNTs and
graphitic carbons, which are physically and chemically more durable than amorphous
carbon for protecting Fe from exposure to the environments. Metallic Fe nanoparticles
encapsulated by CNTs and graphitic carbons do not react with the electrolyte in an LIB.

Fez+
711.0 eV

Fe2t
Fe3+ 724.4 eV Fe3+
71406V C m3ev
720.6 eV

T
705 710 LS 720 72> 730 135

Binding energy (eV)

Figure 4. ESCA Fe-2p spectrum measured from CNTs grown on silicon, at 650 °C, in a vapor mixture of ferrocene, camphor,

water, and argon.

3.2. Deposition of Nanocarbons on Silicon Flakes

Thermal CVD of nanocarbons, including CNTs, on a planar wafer continuously is
different from that on a pile of silicon flakes. There would be no nanocarbon coatings on
silicon flakes which are buried under the top layer of silicon flakes. In this experiment, the
container of silicon flakes was rotated, and individual silicon flake were exposed to the
vapor of precursors briefly and for multiple times during the 15-min period. The coating
on silicon flakes is a rapid thermal CVD process. Individual silicon flakes remain at the
temperature of the CVD reactor but take turns to be exposed to the precursors for the
growth of nanocarbons. The rapid thermal CVD time for individual silicon flakes is much
shorter than the total period of the 15-min CVD process. Nuclei of CNTs on the surface
of individual silicon flakes might not have adequate time to grow into long CNTs like
those shown in Figure 3. By rotating the container of silicon flakes inside the CVD reactor,
some fine silicon particles might remain floating and exposed to the precursors for a longer
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period of time. Long CNTs and some CFs would grow. Besides the rapid thermal CVD
on individual silicon flakes, the surface morphology of silicon flakes is different from that
of a polished, smooth and flat silicon wafer. Therefore, the actual nanocarbon coatings on
silicon flakes might not be the same as that shown in Figure 3.

Water vapor has been reported to play a role of etching amorphous carbon that
covered iron catalyst for it to remain active [41,42] for growing high-density CNTs. In
the presence of water vapor and oxygen, iron was reported to oxidize at temperature
below 500 °C [43]. The reactor was evacuated by a mechanical rotary pump. There were
residual gases, including oxygen, in the reactor. Air in water in the water bubbler also
supplied oxygen. Therefore, by the addition of water vapor to the thermal CVD of CNTs
and graphitic nanocarbons, iron exposed to the CVD atmosphere is believed to be oxidized.
Iron oxide has no adverse effects on the LIB operation. Metallic iron encapsulated by CNTs
and graphitic carbons does not react with the electrolyte, either.

Unlike the aggregation of CNTs into a forest-like layer on a flat silicon waver, as
shown in Figure 3, the nanocarbon CVD process causes nanocarbon-coated silicon flakes to
aggregate into large particles. Figure 5A shows an SEM image of a cracked anode made of
as-deposited silicon flakes. Ball milling of the nanocarbon-coated silicon flakes is necessary.
Ball milling was carried out in ethanol, using a mixture of 5 and 10 mm ZrO, balls. After
the ball milling, fine silicon flakes with nanocarbon coatings were obtained and are shown
in the right bottle in Figure 6. Figure 5B shows an anode made of ball-milled silicon flakes
with nanocarbon coatings exhibiting no cracks.

$830 WD8mm . S$830

Figure 5. SEM images of anode made of silicon flakes with (A) nanocarbon coatings and (B) nanocarbon coats, followed by

ball milling.

Figure 6. Photos of (left) as-received silicon flakes and (right) silicon flakes with graphitic nanocar-
bon coatings.

Figure 6 shows photos of pristine silicon flakes and nanocarbon-coated silicon flakes
after ball milling. The left bottle contains the as-received silicon flakes. The right bottle
contains nanocarbon coated silicon flakes after ball milling. The volume of the same
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amount of silicon flakes increases by about five times after the nanocarbon-coated silicon
flakes are processed by ball milling. Although the total weight increases due to added
carbon by only 10%, the volume after ball milling increases by several times. Graphitic
nanocarbon films, CNTs, and CFs on silicon flakes help keep silicon flakes apart and at
a much larger distance than the as-received silicon flakes. Although the total volume of
nanocarbon coated silicon flakes increases, after silicon flakes are mixed with binder and
squeezed by a doctor blade to form a thick-film anode, CNTs and CFs yield to the applied
pressure, and the anode volume is determined mainly by how silicon flakes stack to form
a film. When thin and flat silicon flakes randomly stack to form the anode, two or more
silicon flakes form a void, because, very possibly, they are not parallel to each other. The
voids provide room for silicon flakes to expand in volume when lithium-silicon alloys
form during lithiation. Far-reaching CNTs and CFs fill these voids and provide additional
electrical connections between silicon flakes. Therefore, coarse and light nanocarbons,
such as CNTs and CFs, are desirable for the anode of LIB. CNTs and CFs not only provide
additional multiple electrical connections between the silicon and the current collector
but also reserve room between silicon flakes, for them to expand in volume during the
lithiation process. Even when a silicon flake breaks into multiple pieces, smaller pieces
are enclosed by sponge-like CNTs and CFs nanostructure. Branching of CNTs and CFs is
promoted due to the continuous supply of catalytic iron from decomposing ferrocene vapor.
Catalytic iron deposits on CNTs and CFs cause additional CNTs and CFs to grow. Broken
silicon pieces inside a network of CNTs and CFs retain a portion of electrical conductivity
with the current collector. Some broken silicon pieces might retain the original CNTs
and CFs deposited on a part of the surface. With the CNTs and CFs, the broken silicon
flakes preserve their charging-and-discharging capability. Therefore, the cycling lifetime is
expected to be improved in comparison with the as-received silicon flakes.

Figure 7 shows SEM images and the corresponding Raman spectra of as-received and
nanocarbons coated silicon flakes. The images of silicon flakes are shown in Figure 7A.
The Raman spectrum displays a sharp silicon Raman peak. At the reaction chamber
temperature of 850 °C, nanocarbons deposit on both surfaces of silicon flakes and the
interior wall surface of the quartz tubing thermal CVD system. Carbon nanotubes, carbon
nanofibers, and other phases of nanocarbons are deposited on both silicon flakes and
the interior wall surface of the thermal CVD reactor. Based on Raman scattering and
SEM images in Figure 7C, CNT-like and CF-like nanostructures are also deposited. The
smooth surface of as-received silicon flakes is coated with nanocarbons of various thickness,
exhibiting a rough morphology. The corresponding Raman spectrum shown in Figure 7D
displays a sharp silicon peak and characteristic D-band (~1350 cm '), G-band (~1590 cm™1),
and 2D-band (2700 cm™!) of graphitic nanocarbons, including CNTs and CFs. The strong
Raman G-band and 2D-band indicate that the nanocarbon coating is highly graphitic.
Carbon coatings on the interior wall of the quartz tube reactor are not desirable. Therefore,
a lower deposition temperature for effective deposition of conductive graphitic carbon
phases on silicon flakes, while maintaining a clean and transparent quartz tube reactor,
is selected.

Figure 7E shows graphitic carbons including CNTs and CFs deposit at 650 °C effec-
tively on silicon flakes but not on quartz surface. On the surface of silicon flakes, a high
density of carbon nanoparticles deposited. The inset in Figure 7E is an enlarged image of
the surface of a silicon flake. Many particle-like deposits appear on the surface. Because of
the short time period of CVD at a low temperature, there might not be adequate time for
some iron catalytic nucleation of CNTs and CFs to grow into long and one-dimensional
nanostructures. The graphitic-carbon-enclosed iron appears like nanoparticles on silicon
flakes. An iron catalyst is important for the nanocarbon particles to be graphitic and
electrically conductive. Although there are no direct evidences, we believe that exposed
iron is oxidized at the reactor temperature of 650 °C, in the environment of water vapor.
Shown in Figure 7F is a Raman spectrum measured from silicon flakes after nanocarbon
coating at 650 °C. The sharp and strong Raman G-band indicates that carbon deposition
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at 650 °C is highly graphitic. Unlike a significant carbon coating at 850 °C on the interior
wall of a quartz reactor, at 650 °C the quartz tubing reactor remains clear after nanocarbon
deposition. This is more desirable because of less maintenance of the reactor.
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Figure 7. SEM images of silicon flakes (A) as received, (C) after nanocarbon coating at 850 °C, and (E) after nanocarbon

coating at 650 °C. Corresponding Raman spectra of silicon flakes (B) as received, (D) after nanocarbon coating at 850 °C,

and (F) after nanocarbon coating at 650 °C. The inset in (E) is an enlarged image of the surface of a silicon flake.

Figure 8 shows EDX spectra of as-received silicon flakes and silicon flakes having
been coated with CNTs, CFs, and graphitic carbon nanoparticles. Besides silicon, carbon,
and oxygen, a significant amount of iron is shown to be on the nanocarbon-coated silicon
flakes. Metallic iron is not desirable in LIB anodes. The addition of water vapor in the
thermal CVD process resolves this issue. Most iron is embedded inside CNTs and CFs.
Exposed iron is oxidized to form iron oxides. The amount of iron oxide and its contribution
to the capacity is small. Nevertheless, the oxidization of iron prevents complications which
metallic iron may cause to the long-term stability of repetitive charging and discharging of
the silicon-flake-based anode [44-47].
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Figure 8. EDAX spectra of (A) as-received silicon flakes and those coated by CNTs and nanocarbons,
using ferrocene and camphor in water vapor at (B) 850 °C and (C) 650 °C.

3.3. Lithiation and Delithiation of Nanocarbon Coated Silicon Flakes

Figure 9 shows cyclic voltammetry analysis of the first three cycles of lithiation and
delithiation processes for as-received silicon flakes and silicon flakes having been coated
with nanocarbons. The cyclic voltammetry equipment and methods of measurement and
analysis are reported in detail in [20]. Figure 9A shows the CV curves for the first three
cycles of the anode made of as-received silicon flakes without nanocarbon coatings. The
lithiation of crystalline silicon occurs at 0.0 V and converts crystalline silicon into amor-
phous lithium-silicon alloys. The subsequent delithiation of lithium-silicon alloys does
not cause silicon to re-crystallize, but, instead, silicon remains amorphous. The subsequent
lithiation of amorphous silicon beginning from the second cycle occurs near 0.2 V. The
peak near 0.6 V shows the delithiation of the anode made of as-received silicon flakes
without nanocarbon coatings. The lithium-silicon alloys dissociate to release lithium ions
into the electrolyte [48,49]. The delithiation of lithium-silicon alloys results in amorphous
silicon. Due to poor conductivity of as-received silicon flakes, the peak currents shown in
Figure 9A are low.
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Figure 9. Cyclic voltammetry traces of anode made of (A) as-received silicon flakes, (B) silicon flakes
after nanocarbon coating at 850 °C, and (C) silicon flakes after nanocarbon coating at 650 °C.
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Figure 9B shows CV curves of an anode made of silicon flakes after nanocarbon
coating at 850 °C in water vapor. With conductive graphitic carbon on silicon flakes, the
peak currents shown in Figure 9B are larger than anode made of as-received silicon flakes
shown in Figure 9A. The lithiation of silicon occurs at 0.0 V initially and then at near 0.2 V
when crystalline silicon converts to amorphous silicon. Besides the delithiation peak near
0.6 V shown in Figure 9A for as-received silicon flakes, there is an additional delithiation
peak near 0.4 V. This is attributed to delithiation to an intermediate Li—Si phase first and
then full delithiation to amorphous Si [50-52].

Figure 9C shows CV curves of an anode made of silicon flakes after nanocarbon
coating at 650 °C. The CV curves appear similar to those in Figure 9B, except with slightly
lower peak currents. Compared to nanocarbon coating at a higher temperature of 850 °C, a
thinner silicon dioxide forms at 650 °C between the nanocarbon coating and silicon. The
ratio of the delithiation peak at 0.4 V to that at 0.6 V is smaller. The lower current is also
attributed to less nanocarbon deposition and lower conductivity due to low temperature
deposition of nanocarbons at 650 °C. Because the charge storage capacity of carbon is much
less than that of silicon, too much carbon deposition on silicon flakes is not desirable in
terms of the achievable as high as possible per weight specific capacity of the anode.

3.4. Effects of Nanocarbon Coatings on Cycling Performance

Figure 10 shows the comparison of cycling performance between anodes made of as-
received silicon flakes and those made of nanocarbon coated silicon flakes. The discharging
cutoff potential is 10 mV. The charging cutoff potential is 1.5 V. Cycling performance of
silicon-flake-based anode is compared between different anodes by repetitive discharging
and charging up to a preset maximum lithiation capacity following by delithiation. The
discharging/charging rate is 0.01 C for the first three cycles and 0.1 C for remaining
cycles. Controlling the maximum lithiation and delithiation level can be realized by power
management integrated circuits. Figure 10A shows that an anode made of as-received
silicon as the active media survives for 20 cycles for a preset capacity of 1600 mAh/g
before rapid decay in capacity. Figure 10B shows that the same anode shown in Figure 10A
survives for only about 10 cycles for a preset capacity of 2000 mAh/g. For the anode made
of nanocarbon coated silicon flakes, at both 1600 and 2000 mAh/g capacity, the anode
retains the preset capacity for 100 cycles. This comparison clearly demonstrates the high
effectiveness of the nanocarbon coating process.

The thin and flat shape of silicon flakes naturally stack randomly in an anode, to leave
abundant pores between neighboring silicon flakes, which are not parallel to each other.
This is beneficial to silicon-based anode because these pores preserve room for the up to
400% volume expansion of silicon flakes when they become lithiated. CNTs and CFs fill
the pores to provide multiple electrical connections between silicon flakes. The nanocarbon
films on silicon flakes provides electrical conductivity of the silicon flakes for uniform
lithiation and delithiation. Local stress forms due to differential volume expansion, which
may cause a silicon flake to break into multiple smaller pieces. Some of these smaller pieces
include fresh silicon surfaces without nanocarbon coatings. If a broken silicon flake loses all
electrical connections to the current collector, its charge-and-discharge capacity is lost, too.
The mass loading of the nanocarbon-coated silicon-flake-based anode is about 1 mg/ cm?
with a density of 0.722 g/cm? excluding the current collector.

3.5. Cycling Performance without Preset Maximum Capacity

Figure 11 shows cycling performance of anodes made of as-received silicon flakes
and silicon flakes with nanocarbon coatings at 850 and 650 °C. Unlike cycling with preset
maximum capacity, this set of cycling evaluation allows test cells to discharge (lithiation)
to the maximum above 2000 mAh/g capacity. During the first 10 cycles or so, the anode
made of as-received silicon flakes is severely damaged by the large volume changes by
high-capacity discharge and charge. The capacity rapidly deteriorates after the anode is
damaged. The anode made of silicon flakes with nanocarbon coatings at 850 °C exhibits
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higher capacity during the first 15 cycles than that with nanocarbon coatings at 650 °C.
This is attributed to the higher conductance of nanocarbon coatings at 850 than 650 °C. The
higher the cycling capacity is, the more damages there will be, due to more severe volume
changes of silicon flakes at a high capacity. The anode with nanocarbon coatings survive
cycling for more than 40 times, at a capacity above 2250 mAh/g, and then damages to
the anode begin to adversely affect the cycling capacity. The damages shown by the blue
curve do not occur when the cycling capacity is limited to the maximum of 2000 mAh/g.
When the lithiation of a silicon-based anode is limited so that the volume change of the
anode does not cause pulverization of silicon, the silicon-based anode would sustain a
long cycling life with excellent capacity retention. The maximum allowed lithiation level
depends on the physical strength of the silicon-containing active material structure. This
is the first challenge discussed in the introduction section related to the slowing down or
prevention of silicon particles from breaking apart or even pulverizing [40]. The conductive
nanocarbon coatings in this work help deal with the second challenge of maintaining the
electrical contacts of silicon with the current collector of the anode. Power management of
LIB with preset maximum capacity is feasible. However, when silicon is a minority active
media of the anode and the other media forces silicon to reach its unlimited maximum
first, the preset maximum capacity might not help. In that case, silicon discharges first to
its maximum capacity, exceeding the capacity that silicon can tolerate, and the volume-
expansion-induced damages are difficult to prevent.
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Figure 10. Cycling performance at the maximum lithiation (discharge) capacity of (A,C) 1600 mAh/g and (B,D) 2000 mAh/g
for anodes made of (A,B) as-received silicon flakes and (C,D) nanocarbon-coated silicon flakes at 650 °C. The discharg-
ing/charging rate is 0.01 C for the first three cycles and 0.1 C for remaining cycles. Only the weight of silicon is included in

the calculation of the specific capacity.
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Figure 11. Comparison of cycling performance of lithium ion battery (LIB) anodes made of (black
curve) as-received silicon flakes, (red curve) silicon flakes with nanocarbon coating at 850 °C, and
(blue curve) silicon flakes with nanocarbon coating at 650 °C. The discharging/charging rate is 0.01 C
for the first three cycles and 0.1 C for remaining cycles.

3.6. Effects of Discharging—Charging Rates

Figure 12 shows the cycling performance of anode based on silicon flakes with
nanocarbon coatings at 650 °C. The maximum capacity is set at 1600 mAh/g. When
the discharging—charging rate increases from 0.02 to 2 C, the capacity decreases some.
When the discharging—charging rate decreases from 2 C, the capacity increases to about
the previous level at the same rate. The Coulombic efficiency varies mostly between 99%
and nearly 100%. This shows the excellent durability and Coulombic coefficient of the
nanocarbon coated silicon-flake-based anode under the cycling conditions.
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Figure 12. Cycling performance of a LIB half-cell with an anode made of silicon flakes coated with
nanocarbons at 650 °C. Discharging—charging rate varies from 0.02 to 2 C.
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3.7. Effects of Nanocarbon on Anode Surface before and after Cycling

Figure 13 shows SEM images, which compare LIB anodes made of as-received silicon
flakes and those made of nanocarbon coated silicon flakes before and after cycling for
100 cycles. Figure 13A shows the surface of an anode made of as-received silicon flakes
before cycling. Silicon flakes can vaguely be seen. Figure 13C shows the surface of an
anode made of nanocarbon-coated silicon flakes. With nanocarbons, especially those
long and far-reaching one-dimensional CNTs and CFs interconnecting neighboring silicon
flakes, the anode surface appears less porous when compared with that in Figure 13A.
After cycling for 100 cycles, Figure 13B shows that voids and cracks formed in the anode
made of as-received silicon flakes. On the contrast, Figure 13D shows that the surface of
anode made of nanocarbon coated silicon flakes retains its physical integrity very well.
No significant cracks and voids appear on the surface. Instead, the surface after cycling is
smooth and featureless.

Figure 13. SEM images of anode surfaces (A,C) before and (B,D) after 100 cycles of discharging and
charging. The anodes are made of (A,B) as-received silicon flakes and (C,D) silicon flakes coated
with nanocarbons at 650 °C.

3.8. Effects of Conductivity Enhancing Additives

The intrinsic conductivity of silicon-based anode is not as high as desired, due to the
low conductivity of silicon and native oxide grown on silicon. Conductivity-enhancing
agents, such as carbon black, are usually added with the binder and the silicon containing
active media for the fabrication of silicon-based anode. With highly conductive graphitic
nanocarbons on silicon flakes, additional conductivity-enhancing additives might not be
needed any more.

Figure 14 shows cycling performance of nanocarbon coated silicon-based anode coated
with nanocarbons at 650 °C and (A-C) without and (D-F) with Super-P conductivity
enhancing agent. The cycling performance is compared at fixed discharging and charging
levels of (A,D) 1200 mAh/g, (B,E) 1600 mAh/g, and (C,F) 2000 mAh/g. The lithiation is
carried out until a preset capacity is reached. The delithiation process then follows. Three
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capacity levels, i.e., 1200, 1600, and 2000 mAh/g, are compared. Figure 14 shows that the
addition of up to 20% by weight of Super-P makes no difference in the cycling performance
in comparison with the anode made of nanocarbon coated silicon flakes without Super-P
carbon black additive. The discharging/charging rate is 0.01 C for the first three cycles and
0.1 C for remaining cycles.
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Figure 14. Cycling performance of nanocarbon-coated (650 °C) silicon-based anode (A-C) without and (D-F) with Super-P

conductivity enhancing agent. The cycling performance is compared at fixed discharging and charging levels of (A,D)
1200 mAh/g, (B,E) 1600 mAh/g, and (C,F) 2000 mAh/g. The discharging/charging rate is 0.01 C for the first three cycles
and 0.1 C for remaining cycles.

4. Conclusions

Inexpensive silicon flakes obtained from waste by-products of silicon-wafer manu-
facturing processes exhibit high performance as an anode-active medium for lithium ion
batteries. Conductive graphitic nanocarbons were coated on silicon flakes, using ferrocene
as a catalyst for the growth of graphitic nanocarbons, including CNTs and CFs. Silicon
flakes were stirred by rotating the container in the reactor for uniform coatings, on the
surface of all silicon flakes. Individual silicon flakes were exposed to the precursors only
briefly. The rapid thermal CVD deposited more CNTs and CFs at 850 than 650 °C. At
650 °C, besides CNTs and CFs, nanoparticle-like graphitic carbon grew on silicon surface.
Anodes made of mixtures of silicon flakes with nanocarbon coatings at both 650 and 850 °C
with conductivity enhancing Super-P carbon black and sodium carboxymethyl cellulose
(NaCMC) binder at weight ratios of 6:2:2 and 8:0:2, corresponding to that with and without
Super P additive, respectively, achieved high capacity retention at 2000 mAh/g, after
100 cycles of discharge/charge at a rate of 0.1 C.
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