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ABSTRACT

In this paper, a laboratory chemical vapor deposition (CVD) reactor is described, which features an opposing screw rotating fluidized bed.
The reactor efficiently concentrates powdered reactants in the reaction zone while maintaining fluidization independent of powder properties.
This allows for lab-scale CVD processing of many small powder samples at high yields and without the need for re-adjustment of fluidization
parameters for different samples. Alumina and graphite were carbon-coated and characterized in lithium batteries. The deposited carbon
layer had a density of 1.84 g/ml and a capacity of 225 mA h/g when cycled between 7 mV and 0.9 V in lithium cells. Carbon coatings applied
by this CVD reactor onto graphite particles were found to be effective at reducing surface reactions during cycling in lithium cells. We suggest
that utilization of this opposing screw rotating fluidized bed reactor can effectively apply CVD coatings to small laboratory powder samples,
with particular utility for Li-ion battery materials.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0095882

. INTRODUCTION

Chemical vapor deposition (CVD) is a well-known coating
technique currently in use in manufacturing and in research labo-
ratories. There are many types of CVD methods to coat a variety of
material formats. The film deposited can be in the form of metastable
phases that are inaccessible by other methods; where phase for-
mation can be carefully controlled, depending on the processing
conditions.”” For fine powder particle coating, efficient contact
needs to be maintained between the reactive gas and the solid par-
ticles to be coated.” Generally, a powder CVD apparatus involves
a fluidized bed in which the powder is agitated, so as to expose all
powder surfaces to the reactive gas flow while maintaining the pow-
der in the reaction zone. During processing, the reaction zone is
heated (typically to temperatures above 600 °C for carbon coating),
and a reactive gas flow is established (e.g., ethylene, in the case of
carbon coating). Any powder that escapes the reaction zone dur-
ing processing can reduce yield or, even worse, become mixed with
the final product, leading to inhomogeneous coating results. Achiev-
ing an efficient fluidized bed while confining the particles to the

reaction zone can be difficult to achieve, especially at the labora-
tory scale where samples are small (e.g., <10 g) and the reaction zone
might be only a few centimeters in length.

There are two main methods of establishing a fluidized bed
in a CVD reactor.” These methods are illustrated in Fig. 1. One
method is by employing a rotary furnace, as shown in Fig. 1(a).
This method relies on the rotation of the furnace tube to establish
sample fluidization. Sample residency within the reaction zone is
influenced by the rotation speed, gas flow, and by tipping the entire
furnace/tube assembly. This method is particularly useful for contin-
uous processing. When operated for batch processing small samples
in the lab, the furnace angle, gas flow, and rotation speed need to
be adjusted carefully to keep the particles within the reaction zone.
These parameters change for different sample types and can change
during CVD processing, as particle characteristics change because
of thermal effects (e.g., loss of moisture at the particle surface), elec-
trostatic charge effects, or because of changes in surface properties
or aggregation due to the CVD coating. In the authors’ experience,
obtaining a good balance of all these parameters for a new powder
sample batch is difficult, and keeping these parameters continuously
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FIG. 1. Schematic diagram of (a) a rotary CVD furnace and (b) a vertical CVD
furnace.

balanced during the coating process is even more challenging; often
leading to low yields and inhomogeneous coating results, especially
for small sample sizes.

Vertical reactors [see Fig. 1(b)] are also used for applying CVD
coatings to powders, especially for small laboratory samples.”* In
a vertical reactor, the sample initially sits on a porous plug within
the furnace tube. Reactive gas flow is adjusted to establish fluidiza-
tion. In such reactors, achieving fluidization depends on the reactive
gas flow, particle shape, particle density, and particle surface charac-
teristics. Depending on the sample, fluidization may be difficult or
impossible to attain or maintain, especially if the sample has a high
density or has a tendency to aggregate, resulting in the gas to form
channels through the powder sample, rather than uniform fluidiza-
tion. As with a rotational furnace, establishing optimal parameters
for new samples is challenging, as is maintaining fluidization during
the CVD process. Both methods have the drawbacks of the fluidiza-
tion parameters being coupled with powder properties (making it
difficult to maintain fluidization as particle properties change dur-
ing the CVD process) and also being coupled with the reactive gas
flow (limiting CVD reaction conditions based on reactive gas flows
necessary to maintain fluidization). For the above reasons, CVD pro-
cessing using conventional horizontal rotational reactors or vertical
reactors is highly challenging at the laboratory scale, where typi-
cally many small batches of materials, each often having different
properties, need to be processed.

One application of CVD powder processing is the carbon coat-
ing of graphite powders for use as active negative electrode materials
in Li-ion batteries. Both artificial and natural graphites are utilized.
Despite its lower cycle life, natural graphite is utilized extensively
as the negative electrode in Li-ion batteries because of its low cost.
However, due to its relatively active edge structure, natural graphite
can easily react with electrolyte during Li-ion battery operation. This
can cause electrolyte decomposition reaction products to accumu-
late on the graphite surface, forming a solid electrolyte interphase
(SEI). Continual growth of the SEI during cell operation can lead
to increased battery internal resistance and lithium consumption.
Both of these effects can, in turn, result in capacity loss. Coating
both artificial and natural graphites with carbon can reduce sur-
face reactivity, resulting in reduced SEI growth and increased cycle
life.”

This article describes a CVD reactor for laboratory use that
utilizes a unique rotating reaction tube that can achieve fluidiza-
tion of small particle batches, regardless of the powder properties,
while efficiently confining the sample to a small reaction zone. To
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test and apply this lab-made apparatus, an aluminum oxide sam-
ple and a graphite sample were carbon-coated successfully by using
ethylene gas as a carbon source. From these samples, the density and
the electrochemical properties in lithium cells of the coated carbon
layer were determined. It was found that this reactor system can be
used for CVD coating small batches of different powders without
the need for any optimization of the fluidized bed, making it ideal
for laboratory use.

Il. EXPERIMENTAL
A. The CVD reactor

The CVD reactor utilized in this study was designed to confine
small amounts of fluidized powder to the reaction zone of a furnace,
irrespective of the powder properties. This was accomplished with a
rotating reactor tube having internal fins in an opposing screw con-
figuration. The CVD reactor is shown schematically in Fig. 2(a). It
consists of the following:

1. Arotating quartz tube with inner opposing screws ~120 cm in
length with an inner diameter of 25 mm. During tube rotation,
the opposing screws efficiently fluidize the sample powder
while simultaneously concentrating the powder in the reaction
zone in the middle of the tube.

2. A laboratory tube furnace with a ~25 cm heating zone.

3. An electric motor with a speed controller to drive the tube.

4. Rotation joints with gas feed throughs.

5. Mineral oil bubblers to provide gas seals and keep a constant
pressure in the reaction tube.

6. Ar gas source.

7. Ethylene gas source.

8. A gas flow meter.

B. CVD procedure

5 ml (3 ml based on true density) of Al,O3 powder (600 mesh
Aluminum Oxide Grit from Kramer Industries Inc.) or graphite
powder (MesoCarbon MicroBeads, from China Steel Chemical
Co., particle size ~26 ym) was carefully placed at the center of the
CVD furnace tube. Glass filter paper was packed into the furnace
tube outlet to stop tar from accumulating in the exhaust gas lines.
The loaded tube was assembled into the CVD setup, according to
Fig. 2(a) and was purged with Ar gas (60 ml/min.) for 1 h. While
still under Ar gas flow, tube rotation was started at ~100 rpm and
the temperature was increased to 800°C in 30 min. The Ar gas
flow was then stopped, and a flow of ethylene gas was established
through the tube at 80 ml/min for the desired CVD processing
time (e.g., 5 h), while the tube was under constant rotation and
heated at 800 °C. The flow of ethylene gas was then stopped, Ar
was reintroduced in the tube at 60 ml/min, and the furnace was
allowed to cool. Rotation was stopped only after the sample reached
room temperature. Samples were carefully collected from the
furnace tube without contamination from accumulated
downstream tar.

C. Material characterization

X-ray diffraction (XRD) patterns were measured using a Rigaku
Ultima IV powder diffractometer X-ray system equipped with a Cu
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(b)

FIG. 2. (a) A schematic diagram of the opposing screw rotating fluidized bed CVD
setup. The opposing screw reactor tube is shown in detail with arrows indicating
the direction of powder flow toward the center of the tube (where lifter bars are
located) during tube rotation. (b) A photograph of the opposing screw reactor tube
centered in the heated zone of a furnace. (c) Cross section of opposing screw
reactor tube with an inset showing the profile of a screw fin in detail.

Ka X-ray source, a diffracted beam monochromator, and a scintil-
lation detector. Each XRD pattern was collected from 10° to 80°
2-theta in 0.05° increments for 3 s per step. Laser Raman spectro-
scopic measurements were performed in the 1200-1700 cm™" region
with a laser radiation wavelength of 532 nm and a power of 15 mW
using a HORIBA T64000 Raman spectrophotometer. Sample pow-
der cross sections were prepared with a JEOL Cross-Polisher (JEOL
Ltd., Tokyo, Japan) and sample powder morphologies were stud-
ied with a TESCAN MIRA 3 LMU variable pressure Schottky field
emission scanning electron microscope (SEM) at 5.0 and 20.0 kV.
The sample densities were measured with dry helium gas using a
Micromeritics AccuPyc II 1340 gas pycnometer. Thermal gravimet-
ric analysis (TGA) was conducted using a NETZSCH TG 209F3
thermogravimetric analyzer with compressed air as purge gas (flow
rate: 20 ml/min), in a heating range from 20 to 800°C with
10 °C/min heating rate. A summary of the coated carbon content,

scitation.org/journal/adv

TABLE I. Coated carbon content, true density, and BET surface area of the samples
prepared in this study.

Coated carbon True density Surface area
Sample content (wt. %) (g/ cm?) (m?/ 2)
AL O3 0% 3.98 0.39
C-ALO3(5h) 13% 3.46 0.50
Graphite 0% 2.18 0.29
C-Gr(1h) 10% 2.14 0.20
C-Gr(2h) 19% 2.10 0.19

true density, and Brunauer-Emmett-Teller (BET) surface area of the
samples prepared in this study is provided in Table I.

D. Electrochemical characterization

C-ALOs3(5 h) electrode slurries were prepared from
C-ALOs3(5 h), carbon black (Super C65, Imerys Graphite and
Carbon), and lithium polyacrylate (LiPAA) [from a 10 wt. % LiPAA
aqueous solution, made by neutralizing a polyacrylic acid solution
(Sigma-Aldrich, the average molecular weight of 250 000 g mol™",
35 wt. % in water) with LiOH-H,O (Sigma-Aldrich, 98%)] in a vol-
umetric ratio of 70/5/25 (corresponding to an 83/4/13 weight ratio)
with a few drops of wetting agent (isopropanol, Sigma-Aldrich,
99.5%) in distilled water. C-Gr electrode slurries were prepared
from C-Gr, carbon black, and polyvinylidene fluoride binder
(PVDF, Kynar HSV 900) in a mass ratio of 96/2/2 with an appro-
priate amount of N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
anhydrous 99.5%) to establish a good slurry viscosity. Slurries were
mixed using a high-shear mixer equipped with a Cowles blade at
5000 rpm for 10 min and then spread onto the electrolytic copper
foil (Furukawa Electric, Japan) with a 0.1 mm gap coating bar.
The coatings were dried in air at 120°C for 40 min, punched
into 1.3 cm (in diameter) disks, and then heated under vacuum
for a few hours at 120 °C with no further air exposure before cell
assembly.

Electrodes were assembled into 2325-type coin cells with a
lithium foil (Aldrich, 99.9%) counter/reference electrode separated
by two layers of separators (Celgard 2300) in an Argon filled glove
box. 168 ul of electrolyte was used in each half cell. The electrolyte
consisted of 1M LiPF¢ (BASF) in a solution of ethylene carbonate
(EC), diethyl carbonate (DEC), and mono-fluoroethylene carbon-
ate (FEC) (volume ratio 3:6:1, all from BASF). Cells were cycled
at 30 °C between 7 mV and 0.9 V using a Neware battery testing
system at a C/10 rate for the first cycle and a C/5 rate for the fol-
lowing cycles. Cells were held at 7 mV after discharge (lithiation)
until a rate decreased to C/20 for the first cycle or C/10 for subse-
quent cycles, to simulate constant current-constant voltage (CCCV)
charging in a full cell. Electrochemical impedance spectra (EIS) were
measured using a Bio-Logic VMP3 potentiostat/EIS spectrometer.
EIS measurements were performed at 20 °C with a 10 mV amplitude
excitation and a frequency range from 100 kHz to 10 mHz.

lll. RESULTS AND DISCUSSION

The opposing screw reactor tube is shown in detail in Fig. 2(b).
It consists of a quartz tube to which inner fins (also quartz) have been
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fused to form opposing screws. A cross section of the tube showing
the profile of a screw fin and its approximate dimensions is shown
in Fig. 2(c).

When rotated during operation, the screws confine the sam-
ple powder to the center of the tube while fluidizing the powder
mixture. An additional quartz lifter bar at the center of the tube
enhances fluidization further. This CVD reactor design provides
an effective fluidized bed, while simultaneously confining even very
small sample amounts within the reaction zone (a video of a flu-
idized powder sample confined in our rotating opposing screw
reactor tube is provided as supplementary material). This is a sig-
nificant improvement over traditional CVD methods, especially for
small sample sizes. Moreover, unlike traditional horizontal rotat-
ing tube or vertical tube fluidized beds, no adjustment was needed
between particle samples with different morphologies, composi-
tions, and densities. This enables rapid CVD processing of many
different small samples, which is typically needed for materials
development.

Carbon-coated samples utilizing the CVD reactor are denoted
here using the following notation “C-AlO3(5 h)” for carbon-coated
Al O3 and “C-Gr(2 h)” for carbon-coated graphite, where the quan-
tity in brackets is the CVD processing time. Al,O3 particles were
carbon-coated to characterize the nature of the carbon deposited
by the reactor. Figure 3(a) shows an SEM image of uncoated
AL, O3. The AL, Oj particles are about 9 (D10)-20 (D90) ym in size,
with a median (D50) size of 14 ym. The particles are irregularly
shaped, with smooth sides and sharp edges. The BET surface area
of these particles was measured to be 0.39 m?/g. Using the mea-
sured density of these particles of 3.98 g/ml, this corresponds to
a volumetric surface area of 1.55 m?*/ml. After 5 h carbon coat-
ing [Fig. 3(b)], the resulting C-Al,O3(5 h) particles are uniformly
covered with a thick carbon layer, excepting a few areas in which
the coating has flaked off. We have noted that carbon coatings
can flake off smooth substrates, especially when they become thick
(>0.1 pym). Figure 3(c) shows an SEM image of cross-sectioned
C-AlLO3(5 h) particles. Except where flaking has occurred, the
particle surfaces are completely coated with a dense carbon layer
that is about 0.2-0.7 ym in thickness. EDS maps of C, Al, and O
[Figs. 3(d)-3(f), respectively] more clearly show the encapsulation of
the Al, O3 particles within a pure carbon layer that has little oxygen
content.

XRD patterns of the ALLO3 and C-Al,O3(5 h) samples are
shown in Fig. 4. Carbon coating has resulted in the appearance
of a broad XRD peak near 24°, characteristic of a disordered car-
bon. A Raman spectrum of the C-Al,O3(5 h) sample is shown
in Fig. S1. The most prominent feature of the spectrum being a
sharp peak at about 1590 cm ™. This peak corresponds most closely
with the G band of single walled carbon nanotubes (SWCNT),
which are commonly made by CVD processing.” Another sharp
peak near 1480 cm™' is close to the most prominent peak in
the Raman spectrum of Cgo.® The most prominent broad features
near 1340 and 1580 cm™" correspond to the D and G bands of
graphite.” The large D band compared to the G band indicating a
highly disordered carbon.'” Smaller broad features in the Raman
spectrum could not be identified. These features and features sim-
ilar to those of SWCNT, Cgo, and disordered carbon suggest the
deposited carbon is a complex mixture of metastable and disordered
phases.

scitation.org/journal/adv

FIG. 3. SEM images of (a) uncoated Al,O3 powder and (b) C-Al,03(5 h). (c)-(f)
SEM images of cross-sectioned C-Al,O3(5 h) particles and corresponding EDS
mappings of C, Al, and O elements, respectively.

The C-ALO3(5 h) sample was used to determine the density,
porosity, and electrochemical properties of the coated carbon. The
amount of coating present on the C-Al,O3(5 h) particles was deter-
mined to be 13 wt. % by thermogravimetric analysis (Fig. 5). Helium
pycnometry determined the C-ALO3(5 h) sample density to be

Al203 reference pattern
Al203
C-Al,0,4(5h)

o

. I .
10 20 30 40 50 60 70 80
SCATTERING ANGLE (DEGREES)

log(intensity)

FIG. 4. XRD patterns of Al;03 and C-Al,03(5 h).
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FIG. 5. The weight loss of C-Al,03(5 h) during heating in air at a constant heating
rate.

3.46 g/ml. From the TGA and pycnometry results, the density of
coated carbon was calculated to be 1.84 g/ml. Assuming a uniform
coating on the 0.39 m*/g Al,O; particles, a 13 wt. % 1.84 g/ml car-
bon coating corresponds to an average coating thickness of 0.2 ym,
which is consistent with SEM observations. The BET surface area of
C-Al,03(5 h) was measured to be 0.50 mz/g or 1.73 m*/ml. This
represents an 11% increase in volumetric surface area compared to
the Al O3 precursor particles. This higher value is likely due to the
carbon coating that delaminated from the sample in some areas, as
mentioned above, resulting in the formation of thin carbon flakes.
Such thin flakes will have a high surface area, and therefore, their
presence would cause an increase in overall surface area.

Since AL O; is electrochemically inactive in Li-cells, the
C-ALO3(5 h) sample was used to evaluate the electrochemical prop-
erties of the carbon coating. Figure 6(a) shows the potential profile
of C-ALO3(5 h). The profile is typical of a disordered carbon (i.e.,
either a hard carbon or partially pyrolyzed soft carbon, see, for exam-
ple, Ref. 11). The cycling performance is shown in Fig. 6(b). The
carbon coating has a specific capacity of around 225 mA h/g, with no
detectible loss of capacity and a high CE of 99.95% after 100 cycles.

Figure 7(a) shows an SEM image of uncoated graphite pow-
der. The graphite particles are roughly spherical and are about
19 (D10)-39 (D90) ym in size, with a median (D50) size of 27 ym.
The true density of the graphite powder was measured to be
2.18 g/ml. This low value compared to the crystallographic den-
sity of graphite (2.26 g/ml) is indicative of internal porosity that
is inaccessible to the helium gas used in the density measure-
ment. The BET surface area of the graphite was measured to
be 0.29 m?/g or 0.63 m?/ml. The graphite particle surfaces are
mostly smooth on the scale of the image shown in Fig. 7(a); how-
ever, ridges and pits on the surface are clearly visible. Figure 7(b)
shows an SEM image of C-Gr(1 h). The surface morphology has
changed to nodular, with none of the features of the underly-
ing graphite surface visible. Figure 7(c) shows an SEM image of
C-Gr(2 h). With extended carbon coating time, the nodules have
elongated into spikes. In addition, the particles have begun to aggre-
gate (Fig. S2). Figure 7(d) shows an SEM image of a cross section of a
C-Gr(2 h) particle. The particles are completely coated with carbon,
having an average coating thickness is about 1 ym.
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FIG. 6. (a) Potential profile and (b) cycling performance of C-Al,03(5 h). Here, the
capacity is plotted in units of mA h per gram of carbon.

The BET surface area of the C-Gr(1 h) particles was measured
to be 0.2 m*/g. This represents the lower limit of detection of the
BET instrument; therefore, the actual sample surface area may be
even lower. Even so, this represents a considerable reduction (31%)
compared to the surface area of the original graphite particles. We

FIG. 7. SEM images of (a) graphite, (b) C-Gr(1 h), (c) C-Gr(2 h), and (d) cross-
sectioned C-Gr(2 h).
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believe that this large reduction in surface area is due to a combina-
tion of the low surface area of the coated carbon plus the effect of
pore closure. This can be seen in Fig. S3, where internal porosity in
the graphite has been closed off by the carbon coating. The density of
the C-Gr(1 h) particles was 2.14 g/ml. If the carbon coating has the
same 1.84 g/ml density as determined from the C-Al,O3(5 h) sam-
ple, this density reduction of the C-Gr(1 h) compared to uncoated
graphite corresponds to a 10% by weight carbon coating. After 2 h
of CVD processing, the density reduces further to 2.10 g/ml, corre-
sponding to a 19% by weight carbon coating. Despite the formation
of spiky nodules, the C-Gr(2 h) sample’s surface area remains near
the lower detection limit of the BET instrument (0.19 m*/g or
0.40 m*/ml).

To evaluate the effectiveness of the carbon coating in improving
the cycling characteristics of graphite in Li cells, graphite electrodes
were made uncalendared and with low carbon black and binder con-
tent. Such coatings have poor electrical conductivity, resulting in
exacerbated impedance growth. Figure 8 shows the potential pro-
files and differential capacity curves of the 1st, 50th, and 100th cycle
of graphite, C-Gr(1 h), and C-Gr(2 h) electrodes. Initially, all poten-
tial profiles are similar, and the differential capacity curves show
distinct staging peaks. By cycle 50, there is a capacity loss for the
uncoated graphite and C-Gr(1 h) with an increase in cell polariza-
tion, indicative of impedance growth, while the potential profile of
C-Gr(2 h) remains almost unchanged. By cycle 100, the polarization
of the uncoated graphite electrode has become extremely severe, and
distinct staging plateaus are no longer visible, while the CVD coated
electrodes have much less polarization and still show distinct stag-
ing plateaus. These changes are evident in the capacity vs cycle life
of these electrodes, as shown in Fig. 9. All electrodes have a similar
initial capacity of about 350 mA h/g. During cycling, the uncoated
graphite electrode suffers continual fade with ~35% loss in capac-
ity after 100 cycles. As shown in Fig. 8, this loss of capacity is due
to increased polarization. The cycling of the C-Gr(1 h) cell is only
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slightly improved. Both the graphite and C-Gr(1 h) have similar
Coulombic efficiencies (CE, also shown in Fig. 9), which increase
during cycling, presumably improving as the SEI layer thickens. Evi-
dently, the 1 h CVD coating was not sufficient to significantly impact
SEI growth. In contrast, the C-Gr(2 h) electrode shows almost
no fade, little polarization growth, and a higher CE throughout
cycling.

Despite the large differences in cell polarization observed dur-
ing cycling, EIS spectra of the graphite, C-Gr(1 h), and C-Gr(2 h)
samples (Fig. S4) show relatively small differences in cell impedance.
These spectra are typical of graphite electrodes, consisting of two
semicircles, the first in the high frequency region being ascribed to
lithium-ion diffusion through the SEI layer and the semicircle in the
medium-to-low frequency being ascribed to the transfer resistance.
The total real impedance of the C-Gr(2 h) sample is slightly smaller
than the C-Gr(1 h) and graphite samples, but this is not significant
enough to account for the large differences in polarization and fade
observed in Figs. 8 and 9. This indicates that the primary mecha-
nism for failure in the graphite and C-Gr(1 h) cells may be due to
graphite exfoliation from solvent co-intercalation. This is known to
increase cell polarization, but can simultaneously cause the graphite
surface area to increase, resulting in little change or even a decrease
in charge transfer resistance.'” It is well known that carbon coating
can effectively inhibit solvent co-intercalation into graphite,'* which
is likely the primary mechanism by which polarization is reduced
and cycling is improved in the C-Gr(2 h) sample.

IV. CONCLUSIONS

A lab-scale CVD apparatus has been developed with a fluidized
bed that can efficiently contain small amounts (~3 ml, based on true
density) of powdered samples in a furnace reaction zone. Further-
more, samples with different densities, particle shapes, and particle
sizes are contained in the reaction zone without any adjustment of
the fluidized bed. The reactor was used to carbon coat a small (5 ml)
sample of graphite particles, resulting in a uniform carbon coating
that was shown to effectively inhibit electrolyte reactivity when the
coated graphite was utilized as a negative electrode in Li cells. The
ability to efficiently deposit continuous and even coatings onto small
particle samples shown here presents a significant improvement over
other CVD methods, which have difficulty processing small samples
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and in which the fluidized bed must be readjusted and optimized
depending on powder properties. We believe that this presents an
enormously useful tool for exploratory research in fields such as
battery materials, where many small powder samples of active elec-
trode materials must be synthesized for the investigation of trends in
materials properties and for rapid materials optimization. In addi-
tion, we have observed that this fluidized bed design can be used to
synthesize unique composite materials, which we will report in later
publications.

SUPPLEMENTARY MATERIAL

See the supplementary material for figures showing a Raman
spectrum of the C-AlO3(5 h) sample; SEM images of C-Gr(2 h)
showing particle aggregation; an SEM image of a cross-sectioned
C-Gr(2 h) particle, showing pore closure due to the carbon-coated
layer; and EIS spectra of graphite, C-Gr(1 h), and C-Gr(2 h) samples
after 50 cycles and measured at 0.9 V.
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