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ABSTRACT: Activated carbon supports for Si deposition with
different porosities were prepared, and the effect of porosity on the
electrochemical characteristics was investigated. The porosity of
the support is a key parameter affecting the Si deposition
mechanism and the stability of the electrode. In the Si deposition
mechanism, as the porosity of activated carbon increases, the effect
of particle size reduction due to the uniform dispersion of Si was
confirmed. This implies that the porosity of activated carbon can affect the rate performance. However, excessively high porosity
reduced the contact area between Si and activated carbon, resulting in poor electrode stability. Therefore, controlling the porosity of
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activated carbon is essential to improving the electrochemical characteristics.

Bl INTRODUCTION

Lithium-ion batteries (LIBs) are promising rechargeable
energy storage technologies extensively used in various
electronic devices owing to their high energy density, long
cycle life, high working voltage, and maintenance costs.' ™" As
an anode material for commercial LIBs, graphite is widely used
because of its low irreversible capacity and high cycle
stability.”® However, the theoretical capacity of graphite is
limited to a relatively low 372 mAh/g, which does not meet
the requirement for large-scale energy storage systems, such as
the electric vehicle market.””® Therefore, research on
developing a new anode material to overcome the capacity
limit is continuously progressing. Si is considered an alternative
anode material to graphite because of its high theoretical
capacity (4200 mAh/ g) and low working potential lower than
0.5 V (vs Li+/Li).>'° However, particle pulverization occurs in
the Si anode because of high volume expansion of more than
300% during repetitive charge—discharge processes. Conse-
quently, an unstable and thick solid electrolyte interface (SEI)
layer is continuously formed, leading to a reduction in
Coulombic efficiency and stability degradation.'™"* This
problem can be improved by coating the surface of Si particles
with a carbon matrix in the preparation of Si/carbon (Si@C)
composites.””~'® In general, the Si anode for LIBs is
synthesized through two main methods, namely, bottom-up
and top-down methods."”™*" The top-down method utilizes
bulk silicon or silica as the precursor, followed by various
processes to obtain smaller-sized silicon particles.”” The
bottom-up method is an atomic- and molecular-scale self-
assembly method, in which gaseous precursors (e.g, SiH,) are
decomposed to grow silicon particles on the substrate
(template) or support.”>~>* This chemical vapor deposition
(CVD) process is a simple and rapid method to achieve
uniform surface coating and homogeneous growth of the Si
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particle on a substrate or support material.”*>’ Among the
candidates that can be used as support, activated carbon is
considered a promising material. Activated carbon can be
produced from low-cost raw materials such as petroleum
residue, steel byproducts, and biomass; it has excellent
economic efficiency, and its manufacturing process is
simple.”*™*> In addition, owing to its high porosity, activated
carbon is expected to improve the site for Si particle
deposition, and its porosity can be easily controlled by
activation process parameters.’””” Although many stud-
es”***™%7 using porous carbon materials for Si deposition
have been conducted, few studies have focused on the
correlation between the porosity of activated carbon support
and the Si deposition mechanism. In addition, a study on the
effect of “porosity” on the electrochemical characteristics of the
Si@C composite electrode is important. Therefore, in this
study, activated carbon with different porosities was prepared
using petroleum residue, and the electrochemical character-
istics of each sample were investigated.

B RESULTS AND DISCUSSION

Properties of Activated Carbon. To investigate the effect
of NaOH during pitch activation, the field-emission scanning
electron microscopy (FE-SEM) images of Nax samples were
observed (Figure 1). The sample carbonized without NaOH
showed a nonporous surface (Figure 1a). By contrast, slit-type
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Figure 1. Field-emission scanning electron microscopy (FE-SEM)
images of (a) the direct carbonization sample without NaOH and (b—
d), activated carbons.

voids were commonly observed on the surface of the NaOH-
added samples, indicating a porous surface (Figure 1b—d). The
void fraction on the surface was quantified from the FE-SEM
image, which was processed by binary thresholding (Figure
S1). The calculated values were 9.43% (Nal), 10.59% (Na2),
and 18.27% (Na3), indicating that the area occupied by voids
increased with the addition of NaOH. In general, pitch coking
occurs above 450 °C,***” and NaOH decomposes above 500
°C.* Therefore, when the pitch is activated with NaOH as an
agent (850 °C), activation by NaOH proceeds following the
coke orientation. In this process, because etching occurs from
the edge site with relatively high reactivity, a slit-type void is
formed. The micrometer-scale slits observed on the surface are
referred to as “voids” in this work.

The pore structure was investigated by Ar adsorption—
desorption isotherm at 87 K (Figure 2). The micro/mesopore
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Figure 2. Ar adsorption—desorption isotherms of the activated
carbons.

detected using the Brunauer—Emmett—Teller (BET) method
is collectively referred to as “pore” in this work. “Porosity” is
the result of reflecting “pores” and “voids”. The adsorption—
desorption isotherms of the samples show a hysteresis loop,
which corresponds to type IV according to the IUPAC
standard. The hysteresis shape in Fizgure 2 mainly appears in
plate-type or slit-type mesopores,”** which is consistent with
the FE-SEM image. In particular, Na2 and Na4 show a sharp
increase in the amount of Ar adsorbed at low relative pressure,

indicating that these samples are relatively microporous
materials. The specific surface area (SSA), total pore volume
(Viota), micropore volume (V,,), micropore fraction (Mj),
and activation yield are summarized in Table 1. In Na4, the

Table 1. Characteristics of the Pore Structure of the
Activated Carbons

“SSA 'V, Vi M, *yield
3 Sotal micro f y
sample  (m%/g) (em’/g) (em’/g) (%) (%)
Nal 312.84 0.2404 0.1344 55.90 42.39
Na2 869.22 0.4682 0.3894 83.16 33.80
Na4 1513.76 0.8872 0.7472 84.22 13.17

“SSA: Specific surface area. "V Total pore volume. V..
Micropore volume. “M;: Micropore fraction (micropore volume/total
pore volume X 100). Yield: Yield after activation.

Brunauer—Emmett—Teller SSA (Sgpr) and V,,, increased
rapidly, corresponding to the increase in porosity due to the
formation of micropores. The formed micropore and void
improve the Li* storage capacity and can contribute to an
increase in the specific capacity of the electrode.*’ In summary,
the increased porosity by NaOH activation resulted from the
simultaneous formation of nanometer-scale micro/mesopores
and micrometer-scale slit voids. The next paragraph discusses
how the Si particles are loaded on activated carbon according
to their porosity in the SiH, CVD process.

Properties of Si@C Composites Prepared by the SiH,/
CH, CVD Method. The increased weight ratio after the SiH,
and CH, CVD processes is shown in Figure 3a. Because of the
higher porosity of the activated carbon, the loaded Si particles
increased. However, considering that the specific surface area
of Na4 (1514 m*/g) increased by S times that of Nal (313
m?/ g), the increase in the amount of loaded Si was negligible.;
that is, the micro/mesopore possibly provided a minor
contribution as a site for Si loading. To investigate the pore
structure of Si-loaded activated carbon, Ar adsorption—
desorption tests were conducted as shown in Figure 4. The
SSAs of Nal and Na2 were significantly reduced to 3.78 and
2.89 m*/g (Table 2), respectively, indicating that most of the
pores formed during the activation process were closed. By
contrast, the SSA of Na4 remained relatively high, exceeding
100 m?/g. According to the adsorption isotherms in Figure 4,
the high SSA of Na4 is due to the presence of mesopores
rather than micropores. As can be inferred from Figures 2 and
4 and Tables 1 and2, the Si particles are loaded, covering the
pores rather than penetrating the pores. Compared to Nal and
Na2 samples, Na4 was relatively rich in pores; therefore, some
pores that were not covered with Si remained. Owing to these
remaining uncovered pores, Na4 showed a high initial capacity
in subsequent electrochemical measurements (Table 3).

The layers of Si and coating carbon on activated carbon
(Na2) are shown in the transmission electron microscopy
(TEM) image of Figure S. The Si layer loaded by SiH4 CVD
had a thickness of approximately S nm (Figure Sa) and was
composed of amorphous silicon (a-Si). In general, amorphous
Si appears as two broad peaks centered at 28 and 52°.*
Amorphous silicon was converted to crystalline Si after CH4
CVD at 900 °C (Figure Sb). Generally, amorphous Si is
crystallized above 600 °C.*> Moreover, a carbon-coating layer
by CH4 CVD was observed. Similar results were confirmed in
samples using Nal and Na4 as supports.
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Figure 4. Ar adsorption—desorption isotherms of the Si-loaded
activated carbons (Nax@Si).

Table 2. Characteristics of the Pore Structure after the SiH,
CVD Process

sample “SSA (m’/g) Vit (cm*/g)
Nal@Si 3.78 0.0239
Na2@Si 2.89 0.0192
Na4@Si 100.71 0.1202

“SSA: Specific surface area. bV ot Total pore volume.

Table 3. Electrochemical Performance of the Prepared
Nax@Si@C Composites

1st charge 1st discharge irreversible initial
capacity capacity capacity Coulombic
sample (mAh/g) (mAh/g) (mAh/g) efficiency (%)

Nal@ 984.22 935.53 48.69 95.05
Si@C

Na2@ 1134.04 1089.10 44.94 96.04
Si@C

Na4@ 1277.72 1158.55 119.17 90.67
Si@C

The crystal characteristics of samples after SiH, and CH,
CVD processes were confirmed by X-ray diffraction (XRD)
analysis. After SiH, CVD at 500 °C, an amorphous Si peak
appeared (Figure 6a).***” However, sharp peaks appeared at
28° (111), 47° (220), and $2° (311) after CH, CVD at 900

19774

consistent with the TEM image (Figure ). The XRD peak
of pure Si not composited with carbon is shown in the
Supporting Information (Figure S2). The particle size of
loaded Si was calculated using the Bragg—Scherrer equation
based on the (111) peak. The size of the Si particles were 21.5,
17.8, and 13.7 nm for Nal@Si@C, Na2@Si@C, and Na4@
Si@C, respectively. As the porosity increased, the Si particle
size decreased.

Figure 7 is a focused ion-beam scanning electron microscopy
(FIB/SEM) image showing cross-sectional images of a sample
milled by FIB. FIB-milled regions were imaged by back-
scattered electrons (BSEs). This analysis is used to distinguish
elements according to their brightness. The higher the atomic
number, the higher the yield of BSE, resulting in brighter
detection. This is because as the atomic number increases, the
number of orbital electrons that interact with the beam
electrons increases. Therefore, it is confirmed that Si (bright
regions) was uniformly deposited in the void formed by
NaOH. Consequently, the increase in porosity by voids was
advantageous for uniformly dispersing Si particles.**™>°

Electrochemical Performance of the Si@C Composite.
The charge—discharge profiles of the first cycle of the Si@C
composites electrode are shown in Figure 8, which is
summarized in Table 3. For Si, a long lithiation plateau was
observed below 0.1 V, which was related to the Li—Si alloying
process to form Li Si compounds. Conversely, the delithiation
plateau for dealloying was observed at 0.43 V.>' As shown in
Figure 8, a short delithiation plateau was additionally found at
0.09 V in addition to 0.43 V for the prepared samples. This
plateau was attributed to lithium storage in the coating carbon
layers and dealloying from the Liy,Sis alloy.”' ~>* The discharge
capacities of Nal@Si@C, Na2@Si@C, and Na4@Si@C were
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Figure 6. X-ray diffraction peaks after (a) SiH, and (b) CH, CVD processes.

Figure 7. Back-scattered electron micrograph of FIB-milled cross
section: (a) nonporous Na0@Si, (b) Nal1@Si@C, (c) Na2@Si@C,
and (d) Na4@Si@C after the SiH, CVD process.

initially 984, 1134, and 1278 mAh/g (Table 3), respectively,
and increased with the porosity of activated carbon. The
highest capacity of Na4@Si@C was attributed to the
remaining micro/mesopores and voids providing active sites
for Li* storage.”’ However, owing to the high specific surface
area, the formation of the SEI layer by the electrolyte
decomposition was promoted. Porous carbon with an enlarged
specific surface area has more storage sites that could
accommodate Li*. This means that the active sites exposed
to the electrolyte increase, and the formation of the SEI layer
by the electrolyte decomposition is promoted in the first
cycle.*™° Consequently, Na4@Si@C showed the highest
irreversible discharge capacity (119.17 mAh/g) and poor initial
Coulombic efficiency (90.67%). Excessively high specific
surface area is a factor that promotes electrolyte decom-
position, leading to the formation of a thick and unstable SEI
layer. Therefore, a larger specific surface area directly leads to
an increase in irreversible capacity and a decrease in initial
Coulombic efficiency.”” ™"

The rate performance test of Si@C composite electrodes at
scan rates of 0.1, 0.5, 1.0, and 2.0 are shown in Figure 9a. The
cycle performance test was conducted at 0.05C for the first two
cycles and then at 0.1C, as shown in Figure 9b. Nal@Si@C,
which had the lowest porosity, showed the lowest capacity
retention at 0.1—1C of current densities. Nal@Si@C was
loaded with the largest Si particle size because of its low void
fraction, as explained in the XRD data in Figure 6. The larger
the particle size, the higher the charge-transfer resistance (R)
to Li’, resulting in poor rate performance.m_é6 However,
Nal@Si@C showed the least capacity fading after 50 cycles,
indicating the highest cycle stability at 0.1C. The specific

capacities of Nal@Si@C, Na2@Si@C, and Na4@Si@C after
50 cycles were 441, 326, and 214 mAh/g, respectively. Nal@
Si@C had the lowest micro/mesopore fraction along with the
void; thus, its contact area between the loaded Si particles and
activated carbon is relatively large compared to those of Na2@
Si@C and Na4@Si@C. Therefore, because the adhesion
between the Si particles and the activated carbon is more
robust, the Si particles can be less detached during cycling. The
result of achieving such structural stability improvement is
shown in Figure 12. Na2@Si@C exhibits the highest capacity
retention at current densities of 0.1—1C, which was attributed
to the size effect of Si particles. Meanwhile, despite having the
smallest Si particle size, Na4@Si@C showed inferior rate
performance to Na2@Si@C because of structural stability.
Because Na4@Si@C is the most microporous sample, many
uncontacted sites existed between the loaded Si particles and
activated carbon when Si is loaded covering the pores.
Therefore, structural deterioration due to the detachment of
the Si particles proceeded rapidly. In addition, the content of
the carbon-coating layer of Na4@Si@C was 1.8 wt %, which
was the thinnest among those of the composites (Figure 3b);
therefore, this should also be considered when comparing rate
performance.

At a current density of 2C, Nal@Si@C had the highest
capacity retention. However, this result does not explain why
Nal@Si@C showed the highest rate performance at high
current density. This outcome is due to the rapid deterioration
of the electrochemical characteristics of Na2@Si@C and
Na4@Si@C from 15 cycles when the 2C region started, as
shown in Figure 9b.

To confirm the above differences in electrochemical
characteristics of the prepared Si@C composites, electrical
impedance spectroscopy (EIS) measurements were conducted.
Figure 10 shows the Nyquist curves of electrodes after five
cycles by EIS measurement, and the equivalent circuit is
inserted. Ry, corresponds to the bulk resistance, which mainly
reflects the sum of ohmic resistances. Rgy corresponds to
resistance due to the SEI layer formation, and R, corresponds
to charge-transfer resistance at the interface between the
electrode and the electrolyte.” Nal@Si@C, which has the
largest Si particle size, has the highest Rgp; because particle
pulverization and subsequent formation of a new SEI layer on
the pulverized Si fragments are actively promoted.”® Moreover,
the highest R, of 6.64 Q was obtained, which was related to
inferior rate performance. Meanwhile, Na2@Si@C had the
lowest R, (4.08 Q) and Ry (0.86 Q), indicating superior
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Figure 8. Voltage profiles of the Nax@Si@C composite electrodes for
the first cycle at 0.05C: (a) Nal@Si@C, (b) Na2@Si@C, and (c)
Na4@Si@C.

structural stability for the initial five cycles than that of Na4@
Si@C.

To further investigate the electrochemical kinetics, the Li-
ion diffusion coefficient (Dy;*) was calculated. The Warburg
factor (¢) was obtained using eq 1
(-1/2)

Z' =R + R, + ow (1)

The value of o was determined using the slope of linear
fitting of the real part of impedance (Z') vs the inverse square
root of angular frequency (w_l/z), as shown in Figure 11.

Dy;* was calculated based on the obtained ¢ using eq 2

R*T?

Doy=——t
o o a (2)

where R is the gas constant, T is the absolute temperature, A is
the surface area of the electrode, F is the Faraday constant, and
C is the molar concentration of Li* in the active material. Table
4 shows the D;;" calculated according to the above equation.
Dy;" was 6.3139 X 107" for Nal@Si@C and was significantly
the smallest, which was related its poor rate performance and
the highest R,. By contrast, the D;;" of Na2@Si@C and Na4@
Si@C, which have relatively small particle sizes, were 2.0394 X
107 and 2.1366 X 107%, respectively, which were significantly
similar.

B CONCLUSIONS

In this study, pitch-based activated carbon was prepared as
support for Si loading, and then Si@C composite electrodes
were prepared using the SiH, and CH, CVD processes. With
an increasing ratio of NaOH, the activation agent, the slit-type
voids on the micrometer scale and micro/mesopores on the
nanometer scale simultaneously increased, resulting in
improved porosity. In particular, Na4@Si@C, which was the
most microporous composite, had the highest SSA of 1514
m?/g. As the porosity increased, the size of loaded Si
decreased, and the Si particle sizes of Nal@Si@C, Na2@
Si@C, and Na4@Si@C were 21.5, 17.8, and 13.7 nm,
respectively. This trend was attributed to an increase in the
loading site by the void rather than by the micro/mesopore.

In the electrochemical tests, the void is a factor related to Si
particle size, contributing to rate performance improvement.
Meanwhile, micro/mesopore is a factor related to structural
stability, which deteriorates the stability of the electrode.
Consequently, Na2@Si@C exhibited the best rate perform-
ance within the range of 0.1—1.0C, while Nal@Si@C showed
the highest stability during S50 cycles.

This study is meaningful because it presents a direction for
optimizing the properties of activated carbon support for Si
deposition. However, because Si CVD was conducted under
atmospheric pressure, the diffusion effect into the micro/
mesopores in the activated carbon was minimal. Nevertheless,
the improvement of electrochemical characteristics by Si
deposited in microscale voids was confirmed. Based on the
above results, the stability and initial Coulombic efficiency of
the electrode can be improved by inducing the diffusion of Si
into the pores. In the future, we will solve the mentioned
limitations through pressure control methods, such as vacuum
pretreatment.

B EXPERIMENTAL SECTION

Preparation of the Na@Si@C Composite Anode
Material. Preparation of Activated Carbon for SiH, CVD;
Nax. Petroleum-based pitch (softening point: 160 °C, Ansan
Co.) was used as an activated carbon precursor. The activated
carbon was prepared by chemical activation, in which NaOH
(98.0%, Samchun Chemical Co. Ltd) was used as the
activation agent. Before activation, the pitch and NaOH were
uniformly pulverized (under 100 ym) and mixed. The weight
ratio of pitch to NaOH was controlled from 1:1 to 1:4. The
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mixture was transferred to an alumina boat, which was placed
into a horizontal stainless tube furnace. The activation was
performed at 850 °C (S °C/min) for 60 min under N, flow
(100 cc/min). The samples obtained after activation were
repeatedly washed with distilled water until a pH of 7 was
reached to remove any soluble impurities. The washed samples
were dried in an oven at 80 °C for 24 h. The samples were
denoted by Nax (x = 0, 1, 2, and 4) according to the ratio of
NaOH.

Preparation of Activated Carbon-Loaded Si; Nax@Si. To
deposit Si particles on the activated carbon, CVD using SiH,
was conducted. Here, 0.5 g of activated carbon was placed into
a quartz-tube furnace. Then, the sample was heated to 500 °C
under Ar flow. When the target temperature was reached, 30
cc/min of SiH, (9.99%, diluted H,) was injected into the
quartz-tube furnace and maintained for 60 min. After the
reaction, the injection gas was converted to Ar flow, and then
the furnace was cooled to room temperature. The samples
were named Nax@Si.

Carbon Coating of Nax@Si by the CH, CVD Method;
Nax@Si@C. To suppress the side reaction of the anode during
the charge/discharge process, Nax@Si was coated with carbon
as follows: 0.5 g of Nax@Si was heated to 900 °C under Ar
flow. When the target temperature was reached, 100 cc/min of
CH, (99.9%) was injected into the quartz-tube furnace and
maintained for 30 min. After the reaction, the injection gas was
converted to Ar flow, and then the furnace was cooled to room
temperature. The samples were named Nax@Si@C. The
increase in weight after the reaction compared to the initial
weight was assumed to be the amount of Si and carbon coated.

Characterization. The surface roughness of activated
carbon was confirmed by FE-SEM (TESCAN MIRA3 LMU)
imaging. The micrometer-scale slits observed on the surface
are referred to as “voids” in this work. The pore structures were
measured by Ar adsorption—desorption at 87 K using ASAP
2420 (ASAP 2020, Micromeritics). The SSA was calculated
using BET equations, and the micropore volume was
calculated from the t-plot method. The micro/mesopores
detected using the BET method are collectively referred to as
“pores” in this work. “Porosity” is the result of reflecting pores
and voids. The crystal structure of the loaded Si particle was
analyzed by XRD (Rigaku Ultima IV) with Cu Ka (4 = 1.5418
A) in the range of S < 20 < 90°. The crystallite size was
calculated using the Bragg—Scherrer equation based on the
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Figure 12. Schematic illustration of the preparation of the Nax@Si@C composite.

Table 4. Li-Ion Diffusion Coefficient of Prepared Nax@Si@
C Composite Electrodes after Five Cycles

sample Nal@Si@C
63139 x 107"

Na2@Si@C
2.0394 x 107°

Na4@Si@C

after five cycles 2.1366 x 107°

(111) peaks. TEM (FEI Talos) analysis was performed to
confirm the loaded Si and carbon-coating layers.

Electrochemical Measurement. Electrochemical meas-
urements were performed using coin-type cells (CR2032-
type). For the electrode, the slurry was mixed with a
composition of 90 wt % active material, 5 wt % Super P, 2.5
wt % carboxymethylcellulose, and 2.5 wt % styrene—butadiene
rubber using a thinky mixer. The slurry was subsequently
coated uniformly on a Cu current collector and dried at 80 °C
for 8 h. The electrodes were pressed and then punched to a
diameter of 13.5 mm. The coin cells were assembled in an Ar-
filled glovebox (H,0, O2 < 0.5 ppm). The electrolyte was 1.0
M LiPF4 in a mixture of ethylene carbonate and diethyl
carbonate (1:1 vol %). The galvanostatic charge—discharge of
the cells was measured at 25 °C in a voltage range of 0.01-1.5
V vs Li/Li+ using an instrument (WBCS3000, Wonatech).
The coin cells were lithiated at a rate of 0.1C and delithiated at
various rates ranging from 0.1 to 2C to measure the rate
performance. EIS measurements were conducted at the
amplitude of 10 mV and a frequency range of 100 kHz to
0.01 Hz.
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