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Abstract

In this study, carbon coating was carried out by physical vapor deposition (PVD) on SiO, surfaces to investigate the effect
of the deposited carbon layer on the performance of lithium-ion batteries as a function of the asphaltene content of petro-
leum residues. The petroleum residue was separated into asphaltene-free petroleum residue (ASF) and asphaltene-based
petroleum residue (AS) containing 12.54% asphaltene by a solvent extraction method, and the components were analyzed.
The deposited carbon coating layer became thinner, with the thickness decreasing from 15.4 to 8.1 nm, as the asphaltene
content of the petroleum residue increased, and a highly crystalline layer was obtained. In particular, the SiOx electrode
carbon-coated with AS exhibited excellent cycling performance with an initial efficiency of 85.5% and a capacity retention
rate of 94.1% after 100 cycles at a current density of 1.0 C. This is because the carbon layer with enhanced crystallinity had
sufficient thickness to alleviate the volume expansion of SiOx, resulting in stable SEI layer formation and enhanced struc-
tural stability. In addition, the SiOx electrode exhibited the lowest resistance with a low impedance of 23.35 Q, attributed to
the crystalline carbon layer that enhanced electrical conductivity and the mobility of Li ions. This study demonstrated that
increasing the asphaltene content of petroleum residues is the simplest strategy for preparing SiOx @C anode materials with
thin, crystalline carbon layers and excellent electrochemical performance with high efficiency and high rate performance.
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1 Introduction

Due to global warming and environmental pollution, there is
increasing interest in using electric vehicles and energy stor-
age systems (ESSs) as eco-friendly energy storage devices in
response to climate change, and the development of lithium-
ion batteries (LIBs) is becoming increasingly important. Li-
ion batteries are widely used because of their high energy
and power density, long cycle life and stability, and low cost
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[1-3]. In particular, carbon anode materials such as graphite
are widely used as anode materials for Li-ion batteries, but
they have limited theoretical capacity (372 mAh/g) [4-7].
However, to meet the market demand for electric vehicles, it
is necessary to improve the electrochemical properties, such
as the capacity and rate capability, by increasing the energy
density and charging rate of LIBs [8—11].

Silicon has been investigated as a next-generation anode
material due to its high theoretical capacity (~4200 mAh/g),
low operating potential, and natural abundance [12, 13].
However, during charge/discharge cycling, silicon has high
volume expansion (~300%) due to the insertion and delo-
calization of lithium ions, which contributes to the structural
collapse of silicon particles and the repeated formation of a
solid electrolyte interface (SEI) layer [14]. In addition, the
intrinsic conductivity of silicon is limited by its semicon-
ductor properties, resulting in low active particle utilization
and poor high-rate capability [15]. Therefore, SiOx materi-
als have been widely investigated as silicon substitutes in
recent years [16—19]. SiOx has a relatively small volume
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expansion (150%) compared to silicon, and it can be alloyed
with lithium ions to form Li,O and Li,SiO, to act as a matrix
to buffer volume expansion during charging and discharging,
but its low electrical conductivity and large volume expan-
sion limit its practical application [20]. Therefore, in recent
years, various carbonaceous materials have been studied
to mitigate the volume expansion of SiOx and improve its
electrical conductivity to improve its performance [21-26].
These carbonaceous materials are known to mitigate the vol-
ume expansion of SiOx materials and have been fabricated
in the form of various structures, such as core—shell [21],
hollow [22], 3D porous [23], yolk—shell [24], and surface
coating [25, 26] structures, to act as conductive networks
that facilitate electron and ion transport [27, 28]. Among
the various carbon structures, carbon coatings on silicon
surfaces have been investigated, but there is little research
on the unique properties of carbon precursors. To improve
the electrochemical performance of LIBs, it is important
to have a good understanding of how the microstructure of
the carbon layer formed by carbon precursors of various
compositions affects the electrochemical behavior of LIBs.

Carbon coating methods such as wet coating using sol-
vents [29], chemical vapor deposition (CVD) using gases
[30], and physical vapor deposition (PVD) [31] have been
widely studied for forming carbon coatings on SiOx sur-
faces. Among the various coating methods, there is increas-
ing interest in the PVD method based on petroleum residues
to form carbon coatings on SiOx surfaces; the advantages of
this method include the cost benefits of using petroleum resi-
dues as carbon precursors and a lack of mechanical damage
to SiOx [32]. In addition, petroleum residue is generated as
a byproduct of the refining process of Korean oil companies,
and it is necessary to explore value-added processes for uti-
lizing these residues [33-36]. Therefore, coating SiOx with
petroleum residue can add high value and yield economic
benefits. To take advantage of these benefits, Lee et al.
modified petroleum residues by adjusting the evaporation
temperature, prepared SiOx/C by PVD-coating the SiOx sur-
face, mixed the prepared material with graphite and reported
the electrochemical properties of the composite [37]. They
investigated the aromatic composition of petroleum residue
as a function of evaporation temperature and confirmed the
effect of the crystal structure and thickness of the carbon
coating layer on electrochemical performance. However, it
is difficult to control the composition of petroleum residue
during reforming through evaporation, and it is difficult to
determine the effect of petroleum residue composition on
the SiOx coatings.

It is important to study how the composition of petro-
leum residues, which are carbon precursors, affects carbon
coating development. In general, the composition of petro-
leum residues can be altered via extraction with solvents
such as hexane, toluene, tetrahydrofuran, and quinoline to
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achieve a narrow molecular weight distribution and similar
composition [38]. Saturated and aromatic hydrocarbons are
represented by relatively low molecular weight fractions,
while resins and asphaltenes can be distinguished by high
molecular weight fractions [39]. Therefore, in this study, to
investigate the effect of petroleum residue asphaltene content
on carbon layer formation on SiOx surfaces, the asphaltene
content of petroleum residues was altered, and these residues
were utilized to prepare carbon-coated SiOx by the PVD
carbon-coating method. The crystal structure and thickness
of the carbon layer were analyzed, and the effect of the layer
on electrochemical performance was confirmed. This study
investigated the effect of petroleum residual asphaltene con-
tent on the SiOx carbon coating layer and electrochemical
performance.

2 Experimental
2.1 Materials

In this study, petroleum residue samples classified according
to the asphaltene content were used, and they were obtained
from POSCO MC Materials and named ASF, DO, and AS
with increasing asphaltene content. The supplied petroleum
residue is DO (FCC-DO, SK innovation, Korea), and ASF
(asphaltene-free petroleum residue with 0% asphaltene con-
tent) was obtained by dissolving asphaltene components in
DO (asphaltene content of 0.63%) using n-heptane solvent
and then removing asphaltene components using a centri-
fuge [40]. AS (asphaltene-based petroleum residue with
asphaltene content of 12.54%) was obtained by dissolving
the low molecular weight components of DO using n-hexane
solvent to increase the asphaltene content, and then remov-
ing the low molecular weight components by centrifugation
[41, 42]. The petroleum residues with different asphaltene
contents were used as the carbon layer precursors. SiOx
(Daejoo, Korea, 5 pm) and graphite (MAG, Hitachi Kasei,
Japan, 25 pm) were used as anode materials for the elec-
trodes. Carbon black (Super-P Li, Timcal Ltd.) was used as
a conductive material. Carboxymethylcellulose (CMC, MTI,
Korea) and styrene-butadiene rubber (SBR, 50 wt%, MTI,
Korea) were used as binders.

2.2 Preparation of SiOx coated with petroleum
residual oil with different asphaltene contents

Carbon coating of SiOx with petroleum residue was per-
formed by depositing 1 g of SiOx and 5 g of petroleum resi-
due with different asphaltene contents at 400 °C for 1 h at
a ramp rate of 5 °C/min in a nitrogen atmosphere, followed
by carbonization at 950 °C for 2 h at a ramp rate of 10 °C/
min [31]. The as-prepared carbon-coated SiOx samples were
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named SiOx@C_ASF, SiOx@C_DO, and SiOx@C_AS
according to the asphaltene content of the petroleum residue.

2.3 Material characterization

The thermal behavior of the petroleum residues during
pyrolysis and the content of the carbon coating layer of SiOx
were characterized by thermogravimetric analysis (TGA,
METTLER TOLEDO) to compare the pyrolysis behavior
of the residues with different asphaltene contents. Elemen-
tal analysis (EA, Flash 2000 and EA1112, Thermo Fisher
Scientific) was performed to analyze the elemental compo-
sition and H/C ratio of the petroleum residues. In addition,
saturated, aromatic, resin, and asphaltene analysis (SARA)
was performed using the thin-layer chromatography—flame
ionization detection (TLC—FID) method to identify the com-
position of petroleum residues with different asphaltene con-
tents. X-ray diffraction (XRD, Bruker D8 ADVANCE, USA)
and Raman analysis (LabRAM HR-800, Horiba, Japan) were
performed with a laser at 514 nm to determine the crystal
structure of SiOx coated with petroleum residues with dif-
ferent asphaltene contents. X-ray photoelectron spectroscopy
(XPS, K-Alpha+, Thermo Scientific, USA) analysis with Al
Ka radiation was performed to investigate chemical bond-
ing in the SiOx coated with petroleum residues with differ-
ent asphaltene contents. In addition, transmission electron
microscopy (TEM, Tencai G2 F30, FEI, USA) images were
obtained to characterize the microstructure and thickness of
the carbon layer on the carbon-coated SiOx.

2.4 Electrochemical measurements

The following electrode slurry was prepared to evaluate
the electrochemical properties of the manufactured car-
bon-coated SiOx. The slurry was prepared by mixing the
prepared active anode material, carbon black, and aqueous
binder in a weight ratio of 8:1:1 in a Thinky mixer. The
electrode’s loading level was 67 mg/cm?. This slurry was
then coated on copper foil at a thickness of 200 pm using a
bar-coating method and dried in a vacuum oven at 100 °C for
8 h. The electrolyte was prepared by mixing 1 M LiPFg, eth-
ylene carbonate (EC), diethyl carbonate (DEC) (1:1 vol), and
10 wt% additive fluoroethylene carbonate (FEC). The coin
cells were fabricated using Li metal as a counter electrode
in a glove box under an Ar atmosphere. To evaluate the elec-
trochemical properties of the fabricated cells, a multichannel
battery cycler (PNE Solution, Korea) was used to analyze
the cycling stability and rate performance of the cells at
0.005-2.5 V drive voltages. Cycling stability was analyzed
over 100 cycles at 1 C for charge and discharge, and the rate
characterization was performed by varying the current den-
sity with C rates of 0.2, 0.5, 1, 2, 5, and 0.2 C to verify the
rate performance. Electrochemical impedance spectroscopy

(EIS) measurements were performed by a Gamry Interface
1000E workstation in the frequency range of 0.01-10° Hz.

3 Results and Discussion

3.1 Characterization of residues with different
asphaltene contents

The proportions of major components of the petroleum resi-
dues with different asphaltene contents were determined by
using TLC-FID to evaluate the proportions of the SARA
components, as shown in Fig. 1a. The ASF had components
similar to that of the DO. Nevertheless, it was observed
that the proportion of the saturated component increased
due to the removal of asphaltenes by the conventional sol-
vent extraction method. On the other hand, AS was com-
posed of fewer saturated and aromatic components than DO
due to the removal of saturated components by the solvent
extraction method, which increased the asphaltene content
to 12.54%. It was concluded that the asphaltene content of
petroleum residues could be controlled by the solvent extrac-
tion method and that the asphaltene content determined the
overall molecular weight of the petroleum residues. ASF
was composed of low-molecular-weight components with
high saturation and aromatic content, and asphaltenes were
removed. In contrast, AS was composed of higher molecular
weight components than DO due to its higher asphaltene
content and lower saturated and aromatic content [43]. In
general, it is known that carbon growth during the thermal
treatment of petroleum residues is affected by the molecular
weight composition of the residues, especially the asphal-
tene content, which affects coke formation [44].

TGA and DTG were performed to investigate the pyroly-
sis behavior of the petroleum residues from room tempera-
ture to 1000 °C under a nitrogen atmosphere, and the results
are shown in Fig. 1b-c. Figure 1b shows that ASF and DO
decreased in weight at approximately 130 °C, while the
weight of AS decreased at approximately 154 °C. Further-
more, the final residues amounted to 0.23 wt% and 1.42 wt%
for ASF and DO, respectively, while AS had a final residue
of 22 wt%. In general, petroleum residue is composed of
various aliphatic hydrocarbons and aromatic hydrocarbons
[45, 46]. Therefore, in petroleum residue, aliphatic hydro-
carbons and low-molecular-weight hydrocarbons such as
benzene and naphthalene are evaporated by heat, followed
by the evaporation of polymeric hydrocarbons with three or
more rings. The weight loss in AS started at a temperature
24 °C higher than that of ASF and DO. The final residue of
AS was approximately 99 times greater than that of ASF,
suggesting that AS was composed of polymeric hydrocar-
bons because the weight loss occurred at a higher tempera-
ture, and the final residue was much greater than that of

@ Springer



Carbon Letters

Fig.1 (a) SARA analysis, (b) (a) (b)
TGA curve, (¢) DTG curve, and 100 /I Sarurates [ Aromatics [ Resins [ Asphaltenes 1004 ——ASF
(d) elemental analysis of ASF, - KSO
DO, and AS e 804 _ 804 )
e Lo
= 60 z 991
g bt
£ 0] 54
= ) 22.78 wt%
2 Z 20
5 20-
= < 0 1.42 wt%
04 ~ < i i i 0.23wt%
0 200 400 600 800 1000
ASF DO
© (d) Temperature (°C)
~ 0.00 100 I ¢ I = I ~ I S 1.03
‘\’: 0.94 11.0
?\i -0.02 @ 96
£ 0.04 S0
= g
20.0.06 < 881
S S 127
2 -0.08 —  ASF 31
5 254.7°C —Do
| 0104 5 gec —AS 44
0 200 400 600 800 1000 O

Temperature (°C)

other samples. Figure 1c shows that the DTG curve had a
single peak for all samples. ASF peaked at 251.8 °C, and
with increasing asphaltene content, the peak shifted to the
right to 254.7 °C for DO and 269.6 °C for AS. This con-
firms that an increase in the asphaltene content of petroleum
residues is associated with an increase in high-molecular-
weight components. Previous studies have shown that poly-
meric hydrocarbons such as dicyclic and tricyclic aromatic
hydrocarbons undergo condensation-based polymerization
reactions to form carbon layers with improved crystallinity
more readily than low-molecular-weight hydrocarbons such
as monocyclic aromatic hydrocarbons and aliphatic hydro-
carbons [47]. The elemental contents of petroleum residues
with different asphaltene contents were investigated and are
shown in Fig. 1d. AS had a lower carbon and hydrogen con-
tent than ASF, but its hydrogen content was significantly
reduced, resulting in a lower H/C ratio. The lower H/C ratio

Fig.2 (a) XRD patterns

suggested that AS was composed of more aromatic poly-
meric hydrocarbons. Therefore, we determined the effect of
these polymeric hydrocarbons on the carbon layer formed
during carbon-coating on SiOx.

3.2 Characterization of carbon-coated SiOx
with different asphaltene contents

XRD and Raman analysis were performed to character-
ize the structural properties and crystallinity of the carbon
layer formed on SiOx with petroleum residues containing
different asphaltene contents, and the results are shown in
Fig. 2. Figure 2a shows the XRD analysis of the SiOx and
carbon-coated SiOx. The SiOx peaks are characterized by
crystalline nano silicon peaks at (111), (220), and (311),
and a broad amorphous SiO, peak is observed between 20°
and 25° [48]. The carbon-coated SiOx samples had peaks
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similar to those in SiOx, which appeared to arise from
superposed amorphous SiO, peaks and amorphous carbon
peaks. It is believed that the carbon layer formed an amor-
phous structure due to the low annealing temperature (less
than 1000 °C). Figure 2b shows the Raman spectra of SiOx
and carbon-coated SiOx analyzed with a laser of 514 nm
in the range of 200-2000 cm™'. In the Raman spectra, D
(1340 cm™!) and G (1580 cm™!) peaks are observed, in
which the D peak is related to defects in the carbon and
the G peak is related to the crystallinity of the carbon [49].
The I/I; value of SiOx@C_DO was approximately 0.95,
while those of SiOx@C_ASF and SiOx@C_AS were 0.99
and 0.86, respectively. The I/I5 values of all the samples
were greater than 0.8, which indicated that the carbon layer
formed on the SiOx surface had an amorphous structure
[49]. Furthermore, SiOx@C_ASF had the highest I;,/I;
value, while SiOx@C_AS had the smallest Ij,/I; value.
Since a smaller I/l indicates a more crystalline struc-
ture, SIOx@C_AS was determined to have a more crys-
talline structure than the other materials. This is because
high-molecular-weight hydrocarbons such as asphaltenes
can yield a more crystalline structure than low-molecular-
weight hydrocarbons during the carbon coating process,
and low-molecular-weight hydrocarbons are evaporated
and removed during the carbon coating process, resulting
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in a disordered structure [50]. A comparison of the crystal-
line Si peaks of these three samples during carbon coating
shows that the intensity of the crystalline Si peaks was pro-
portional to the asphaltene content of the deposited residue.
This suggests that the higher the asphaltene content of the
residue (ASF < DO < AS), the thinner the carbon layer on
SiOx, so the intensity of the Si peak was relatively high.
In addition, the deposited carbon coating layer had defects
due to decomposition upon heat treatment. AS with a larger
asphaltene content in the residue resulted in fewer defects
than ASF with a smaller asphaltene content in the residue.
It is believed that a residue with low asphaltene content can
have a detrimental effect on the layer properties by resulting
in more defects during heat treatment, even when the carbon
layer is thick. In other words, polymeric hydrocarbons such
as asphaltenes evaporate under the same carbon coating con-
ditions and, therefore, have low mobility but can be easily
condensed and polymerized during heat treatment, which
is believed to improve the crystallinity of the carbon layer.
To investigate the elemental composition and surface
chemical bonding of the carbon coating on SiOx coated with
petroleum residues with different asphaltene contents, XPS
analysis was performed, and the results are shown in Fig. 3.
In Fig. 3a, Si 2p, Si 2s, C 1s, and O 1s peaks are observed,
corresponding to binding energies of 103.0, 155.0, 284.0,
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Fig.3 (a) XPS survey spectra, (b) atomic percentages of SiOx, SiOx@C_ASF, SiOx@C_DO, and SiOx@C_AS, and XPS C 1s peak deconvo-
lution of (¢) SiOx@C_ASF, (d) SiOx@C_DO, and (e) SiOx@C_AS spectra
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and 532.0 eV, respectively [51]. The XPS results for the
SiOx carbon-coated with petroleum residues with different
asphaltene contents were similar to the Raman results, as the
Si 2p and Si 2s peaks were not observed, the oxygen content
decreased, and the carbon content increased with increasing
asphaltene content. On the other hand, the Si 2s peak was
only observed in the uncoated SiOx, which had the highest
oxygen content. The surface elemental content of the carbon-
coated SiOx is shown in Fig. 3b. The significant decrease in
Si upon coating SiOx with the petroleum residues suggested
that the SiOx surface was evenly carbon-coated. In addition,
the surface carbon content increased as the asphaltene con-
tent of the petroleum residue increased, which is believed
to be due to the formation of a relatively crystalline carbon
layer. To investigate the bonding structure and contents of
carbon in the carbon layer of SiOx coated with petroleum
residues with different asphaltene contents, the XPS C 1s

Table1 XPS C 1s deconvolution results of SiOx@C_ASF,
SiOx@C_DO, and SiOx@C_AS

SiOx@C_ASF SiOx@C_DO SiOx@C_AS
C=C 66.57 73.00 75.71
Cc-C 18.16 15.24 11.85
Cc-0 11.51 7.36 7.86
0=C-0 3.75 441 4.57

(b-1) SiOx@C_ASF

SiOx

(c-1) SiO'XB@C_DO

Amorph'c:ﬁ}s_‘cirbon

N

SiOx:

orphous carbon

(d-1) SIOx@C_AS

spectrum peaks were divided into detailed peaks assigned
to various bonding structures, as shown in Fig. 3c—e, and the
peak functional groups and contents are shown in Table 1.
Four peaks were observed in the C 1s spectrum, representing
the bonds C=C, C-C, C-0, and O=C-0 at 284.5, 285.4,
286.1, and 289.0 eV, respectively [52]. As the asphaltene
content in the petroleum residue increased, the number of
C=C bonds increased, while the number of C-C bonds
decreased. It was confirmed that the asphaltene content in
the petroleum residue affected the carbon layer generated on
the SiOx surface, and it was determined that high-molecular-
weight hydrocarbons such as asphaltene have a more crys-
talline structure than low-molecular-weight hydrocarbons.
TEM analysis was used to determine the carbon layer
thickness and microstructure of SiOx coated with petroleum
residues with different asphaltene contents, and the results
are shown in Fig. 4. Figure 4a shows that the SiOx contains
no carbon surface layer, while Fig. 4b—d shows that a uni-
form amorphous carbon layer is formed on the surface of
SiOx. As the asphaltene content of the petroleum residue
increased, the thickness of the carbon coating layer tended
to decrease to approximately 15.4 nm, 12.8 nm, and 8.1 nm,
similar to findings from the Raman and XPS results. This is
believed to occur due to a decrease in the number of com-
ponents participating in the carbon layer formation process
on the SiOx surface as the asphaltene content of the petro-
leum residue increases. To determine the carbon content
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Fig.4 TEM and IFFT images of (a) SiOx, (b) SiOx@C_ASEF, (c) SiOx@C_DO, and (d) SiOx@C_AS
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coated on the SiOx, TGA analysis was performed in an air
atmosphere, the results of which are shown in Fig. S1. The
analysis showed no weight loss of SiOx was observed, and
the weight increased with increasing temperature, confirm-
ing the conversion of SiOx structure to SiO, structure [53].
The carbon coating layer is removed above 400 °C in an
air atmosphere. The TGA retention of carbon-coated SiOx
increased with the increase of asphaltene content, confirm-
ing that the carbon coating layer is relatively thin, which is
similar to the results of previous TEM images and shows that
under the same coating conditions, the asphaltene content
of petroleum residue affects the thickness and crystallinity
of the carbon coating layer depending on the components
participating in the coating [54]. Figure 4b—d shows inverse
fast fourier transform (IFFT) images of the carbon layer, and
the d-spacing was calculated from the lattice pattern of the
carbon layer as a function of the asphaltene content of the
petroleum residues. With increasing asphaltene content in
the petroleum residues, the d-spacings tended to decrease
to 0.381 nm, 0.371 nm, and 0.368 nm. This confirmed that
the crystallinity of the carbon layer improved with increas-
ing asphaltene content in the petroleum residue, which is
consistent with the Raman results. In addition, to observe the
elemental distribution in the carbon layer, SiOx@C_ASF,
SiOx@C_DO, and SiOx@C_AS were analyzed by energy
dispersive X-ray spectroscopy (EDS), and the results are
shown in Fig. S2a-c. EDS analysis revealed that carbon was
evenly distributed on the surface of the Si particles, and
SiOx@C_AS had a lower carbon content than SiOx@C_
ASF. This suggests that polymeric hydrocarbons such as
asphaltenes in the petroleum residues participate less in the

carbon layer formation process, resulting in a relatively high
crystallinity in the carbon layer due to axial polymeriza-
tion of the components during the carbon lattice formation
process, although the thickness of the carbon coating layer
is thin.

3.3 Electrochemical performance of SiOx anodes
carbon-coated with petroleum residues
containing different asphaltene contents

To evaluate the electrochemical properties of SiOx and SiOx
coated with petroleum residues of different asphaltene con-
tents, charge/discharge, rate performance, and impedance
experiments were performed, and the results are shown
in Fig. 5. Figure 5a shows the charge/discharge profile for
one cycle at a current density of 0.1 C. The SiOx and car-
bon-coated SiOx anodes showed similar charge—discharge
curves. In the first cycle, SiOx, SiOx@C_ASF, SiOx@C_
DO, and SiOx@C_AS exhibited discharge capacities of
411.2 mAh/g, 382 mAh/g, 404.2 mAh/g, and 415 mAh/g,
respectively, with SiOx@C_AS exhibiting the highest dis-
charge capacity. The discharge capacity decreased with
increasing thickness of the carbon layer on the SiOx surface,
and SiOx@C_AS exhibited the highest discharge capacity,
which was attributed to the formation of a thin carbon layer.
Furthermore, the initial efficiency of SiOx was 82.8%, and
with increasing petroleum residual asphaltene content, the
initial efficiency of the carbon-coated SiOx increased to
83.8, 84.8 and 85.5%, respectively. This suggests that the
carbon coating of SiOx can improve the reversible capac-
ity of lithium-ion batteries and that the thin and crystalline
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structure of the carbon layer formed by carbon coating with
petroleum residue composed of polymeric hydrocarbons
such as asphaltene facilitates the insertion and removal of
lithium ions and forms a stable SEI layer.

To analyze the rate characteristics of the fabricated sam-
ples, C-rate analysis was performed by varying the cur-
rent density, as shown in Fig. 5b. The current values for
the C-rate test were obtained at different current densities
of 0.2, 0.5, 1, 2, and 5 C. The capacity tended to decrease
with increasing current density, with 425.0 mAh/g at 0.2 C,
408.3 mAh/g at 0.5 C,386.7 mAh/g at 1 C, 324.1 mAh/g at 2
C, and 258.4 mAh/g at 5 C. SiOx@C_AS showed higher rate
performance than SiOx, SiOx@C_ASF, and SiOx@C_DO.
SiOx@C_AS showed the highest rate performance, with a
rate retention of approximately 60.8% when the current den-
sity was increased from 0.2 C to 5 C. This is believed to have
occurred due to the enhanced crystallinity of the asphal-
tene-based polymeric hydrocarbons in the carbon layer,
which improved the conductivity of Li ions. In addition,
after reaching a high current density, SiOx@C_AS showed
a recovery of 98.8% to 420.0 mAh/g at 0.2 C, while SiOx
showed a lower recovery of 89.3%, which was expected
because the carbon coating based on petroleum residues pre-
vented cracking of the SiOx electrode at high current densi-
ties. The better rate performance of SiOx@C_AS according
to the increase in asphaltene content of petroleum residue
can be explained using the diffusion coefficient of Li ions in
the electrode. Therefore, cyclic voltammetry (CV) was per-
formed to calculate the diffusion coefficient of Li ions. CV
test was performed by changing the scanning speed from 0.2
to 1.0 mV/s to determine the Li diffusion coefficient (D ;+),
and the results are presented in Fig. S3. The cathodic and
anodic peak current (/p) exhibits a linear relationship with
the square root of the scanning rates, which can be used to
characterize the Li-ion diffusion coefficients (D;;+) using
Eq. (1) following the Randles—Sevcik equation [55].

I = (2.69 X 105)nl'5ADg'i§ VO'SCLi+ 1)

where I, is the peak current, n is the number of electrons
transferred per reaction, A is the surface area of each elec-
trode (1.5386 cm?), Dy ;+ is the Li diffusion coefficient, C;,
is the Li-ion concentration in the electrolyte, and the v is
the scanning rate. Based on the above equation, the slope of
the linear relationship between I, and v% helps to estimate
D, ;+ for each electrode. The Li-ion diffusion coefficient of
SiOx@C_AS (2.04 x 107® cm?/s for anode and 3.03 x 10~
cm?/s for cathode) shows a higher Li ion diffusion coefficient
than that of SiOx@C_ASF (1.17 x 10~* cm?/s for anode and
1.17 x 10~ cm?/s for cathode). Through this, it is judged that
as the asphaltene content of petroleum residue increases, Li-
ion diffusion forms an advantageous carbon coating layer.
The results for these Li-ion diffusion coefficients appear

@ Springer

similar to the previous rate performance results and support
excellent rate characteristics.

A comparison of the cycling stabilities of SiOx and car-
bon-coated SiOx is shown in Fig. 5c. After 100 cycles at
1.0 °C, the reversible capacities of SiOx, SiOx@C_ASF, and
SiOx@C_AS were 255.1, 270.1, 285.9, and 316.9 mAh/g,
respectively, and the capacity retention rates were 84.7, 88,
92, and 94.1%, respectively, after 100 cycles. The silicon
oxide showed a decrease in reversible capacity at 100 cycles,
which is believed to have occurred because the electrode
could not withstand the volume change in the silicon oxide,
leading to structural collapse. However, the SiOx carbon-
coated with petroleum residue with asphaltene showed
improved capacity retention, as the carbon layer buffered
the volume expansion of the SiOx during the cycling pro-
cess. Furthermore, the cycling stability improved as the
asphaltene content of the petroleum residue increased. This
occurred because the carbon layer formed from asphaltene
was hard and elastic due to an increase in the number of
C=C (SP?) bonds and an increase in crystallinity, which
mitigated the volume expansion of SiOx to form a stable
SEI layer [41]. In addition, it was found that the carbon layer
formed from asphaltene could accommodate the volume
change; good cycling stability was obtained even after 100
cycles, although the layer had a lower thickness. To analyze
the electrochemical behavior and diffusion coefficient during
the insertion and desorption of lithium ions, we performed a
galvanostatic intermittent titration technique (GITT) analy-
sis, as shown in Fig. S4. The lithium-ion diffusion coefficient
was calculated using Eq. (2), assuming that lithium-ion dif-
fusion follows Fick’s second law [50].

4 (mgVy \2 [ AE,\?
D =22 (52) @

Tt \ MgS AE.
where my represents the mass of the electrode, Vm stands
for the molal volume of the electrode, MB denotes the
molecular weight of the electrode, A represents the area of
the electrode, AE, and AE_ represent the amount of voltage
change during constant current charging and the steady-state
phase, respectively. During the GITT measurement, the cell
was charged for 15 min at a normal current density of 1 C.
There was also a 30 min resting period. It was confirmed
that D;+(3.28 — 12.89) of carbon-coated SiOx increased as
the asphaltene content increased. Through this, the move-
ment of lithium ions through the thin and crystalline carbon
coating layer formed as the asphaltene content increases is
advantageous, thereby improving lithium kinetics and thus
improving rate characteristics.

To analyze the interfacial impedance of the fabricated
samples, electrochemical impedance spectroscopy (EIS) was
performed, and the results are shown in Fig. 5d. The fitted
relevant elemental impedance values are shown in Table 2.
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Table2 The Concert parameters were obtained by fitting the EIS
spectra of SiOx, SiOx@C_ASF, SiOx@C_DO, and SiOx@C_AS
before cycling

SiOx  SiOx@C_ASF  SiOx@C_DO  SiOx@C_AS
R, 3.0 2.9 25 2.1

R, 303 220 19.1 174

Zy 011 022 023 0.25

The Nyquist plot consisted of a semicircle in the high-fre-
quency region representing the charge transfer resistance of
the electrode—electrolyte interface and a straight line in the
low-frequency region corresponding to the Warburg imped-
ance of Li-ion diffusion. The SiOx carbon-coated with petro-
leum residues resulted in a smaller semicircle than SiOx,
which confirmed that it had lower charge transfer resistance
due to the carbon coating. This occurred because the carbon
layer enhanced electrical conductivity on the SiOx surface.
As shown in Table 2, the R, values are 30.3, 22.0, 19.1,
and 17.4 Q for SiOx, SiOx@C_ASF, SiOx@C_DO, and
SiOx@C_AS electrodes, respectively. The SiOx@C_AS
with the lowest charge transfer impedance can be attrib-
uted to the superior carbon coating layer and high electri-
cal conductivity. Therefore, it is believed that the increased
asphaltene content in the petroleum residue enhances the
crystallinity of the carbon coating layer of the SiOx formed,
resulting in improved electrical conductivity. This is similar
to the trend for Dy ;+ evaluated by GITT earlier, which may
explain the excellent velocity characteristics. In general, the
thick carbon layer and amorphous structure occur because
it can hinder the migration of lithium ions, and the presence
of a crystalline structure at the interface with the electro-
lyte can lower the electron transfer impedance. Therefore,
a carbon layer with a thin and crystalline structure can be
easily prepared by PVD-based carbon-coating on SiOx with
petroleum residues containing high asphaltene contents to
improve the electrochemical properties with high efficiency
and high rate performance.

Surface and cross-sectional SEM images of electrodes
before and after 100 cycles at 1 C were performed for
deep insight into the effect of asphaltene content on the
cycle performance of carbon-coated SiOx. As shown in
Fig. S5, the surface of the electrode is smooth and dense
without cracks before cycling, and the cross-sectional
thickness of the electrode is 74.4 pm, 80.4 pm, 77.0 pm,
and 79.4 pm, respectively. After 50 cycles, the thicknesses
of the electrodes were 89.4 pm, 87.7 pm, 82.9 pm, and
84.2 um, which were 20%, 9%, 7.6%, and 6% greater than
the thickness of the electrodes before the cycle, respec-
tively. Through this, the carbon coating layer with a high
asphaltene content forms a more crystalline structure to
alleviate the volume expansion of SiOx. Generally, when

the change in electrode thickness is weak, the electrode
layer adheres to the current collector and exhibits good
cycle performance due to low internal resistance and vol-
ume expansion [56]. When the thickness of the electrode
changes significantly, the aggregated SiOx particles on the
electrode surface cause a huge volume expansion, and the
contact between SiOx and the current collector is reduced
or lost, resulting in poor electrochemical performance. It
was confirmed that the structural stability of the SiOx@C-
AS electrode was higher than that of the SiOx@C_ASF
electrode. Therefore, SiOx with a high asphaltene content
petroleum residue can form a carbon layer of the crystal-
line structure to mitigate the volume expansion of SiOx,
thereby improving the electrochemical properties of high
stability.

4 Conclusions

In summary, carbon-coated SiOx was prepared using petro-
leum residues with different asphaltene contents as the
coating materials. The petroleum residues were categorized
according to their asphaltene contents by solvent extraction.
ASF consisted of low-molecular-weight hydrocarbons with
no asphaltene, while AS consisted of high-molecular-weight
hydrocarbons with high asphaltene content. The petroleum
residues with different asphaltene contents formed an amor-
phous carbon layer on the SiOx surface. As the asphaltene
content of the petroleum residue increased, the I/l ratio
decreased, resulting in the formation of a crystalline carbon
layer. On the other hand, when the content of asphaltene in
the petroleum residue decreased, the carbon layer became
thicker, but an amorphous carbon layer developed through
evaporation and removal of the low-molecular-weight hydro-
carbon components during heat treatment. SiOx@C_AS
exhibited a greater discharge capacity (411.2 mAh/g at 0.2
C) and initial efficiency (85.5%) than did the other samples,
and its rate performance improved at 0.2 C (425.0), 0.5 C
(408.3), 1.0 C (386.7), 2.0 C (324.1), 5.0 C (258.4), and 0.2
C (420.0). This occurred because the SiOx@C_AS carbon
layer was thin and highly crystalline; it buffered SiOx vol-
ume expansion and formed a stable SEI layer. In addition,
the thin and highly crystalline structure of the carbon layer
provided migration pathways for lithium ions, resulting in a
high rate of performance. Therefore, the asphaltene content
of petroleum residues can be adjusted through a simple pre-
treatment method to provide carbon precursors for preparing
carbon-coated SiOx anode materials with high efficiency
and high rate performance.
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