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Carbon-coated Si/carbon nanotube/graphene oxide (C-Si/CNT/GO) microspheres with a robust core–shell composite structure
were successfully fabricated by efficient and scalable spray-drying and chemical vapor deposition (CVD) for application as a
lithium-ion battery (LIB) anode. The amphiphilic GO nanoparticles facilitated the uniform dispersion of Si nanoparticles by
suppressing the CNT aggregation in the Si/CNT/GO microspheres, efficiently forming a robust Si/CNT/GO microsphere
composite structure. The surface of the Si/CNT/GO microsphere composite was coated with carbon using CH4 via CVD to
enhance its cycling performance. The four building block components, namely, Si nanoparticles, CNTs, and GO nanoparticles
as the core and the carbon-coating layers as the shell, provided high electrochemical capacity, excellent electrical conductivity,
efficient buffer space for the volume expansion of the Si nanoparticles, and high structural stability during lithiation/
delithiation. The C-Si/CNT/GO composite anode also exhibited excellent electrochemical performance with high specific
capacity (2921mAh g–1 at 100mA g–1), long cycle life (1542mAh g–1 at 200mAg–1 after 100 cycles), and high charge/discharge
rate (1506mAh g–1 at 6A g–1). This approach for fabricating core–shell structured Si-based composite anodes with excellent
electrochemical performance will provide a significant breakthrough for developing next-generation LIBs.

1. Introduction

With the increasing demand for electrochemical energy
storage devices in range-extended electric vehicles (EVs),
high-performance lithium-ion batteries (LIBs) with excellent
energy density and cycling stability have gained immense
interest in the scientific and industrial fields [1, 2]. To
maximize the energy density of commercial LIBs, the most
realistic approach is to improve the energy density of the
electrode materials for LIBs [3–5]. Although graphite-based
anode materials are commonly used in commercial LIBs,
they show limited application as next-generation LIB anode
materials owing to their low theoretical gravimetric and vol-
umetric capacities for LiC6 (372mAh g−1and 840mAh cm−3,
respectively). Among the alloy-type anode materials, Si
exhibits extremely high theoretical gravimetric and volumet-

ric capacities of 3579mAh g−1 and 2194mAh cm−3, respec-
tively, upon lithiation to Li15Si4 phase. Hence, Si anodes
have been widely suggested as promising alternatives to
graphite-based anode materials. Furthermore, Si anodes
have relatively low cost and average delithiation plateau
and are environmentally friendly [6, 7]. Nevertheless,
intense volume expansion and low intrinsic electrical con-
ductivity of Si-based anodes lead to rapid capacity fading
owing to cracking-induced pulverization and unstable
solid–electrolyte interphase (SEI) layer formation [8].

Therefore, numerous engineering strategies have been
developed to resolve these issues, and one of the strategies
is to prepare composite structures of Si particles with electri-
cally conductive carbonaceous materials (such as graphite
[9, 10], pitch [11], carbon nanotubes (CNTs) [12, 13], and
graphene [14, 15]). In particular, nanocarbon particles, such
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as one-dimensional CNTs and two-dimensional graphene,
with unique morphology, large and controllable specific sur-
face area (SSA), excellent intrinsic electrical conductivity,
superior chemical stability, and excellent mechanical flexibil-
ity, have been used to moderate the stress induced by
volume expansion in Si-based anodes [16]. Moreover, nano-
carbon particles act as effective electron transport pathways,
significantly improving the cycling stability and charge/dis-
charge rate of next-generation LIBs [17]. However, Si/nano-
carbon composite anodes have some disadvantages. Several
studies have indicated that the weak binding between the
Si and nanocarbon particles during the cycling process is a
major concern regarding Si/nanocarbon composite anodes
since it leads to low cycling stability and capacity fading
[18]. In addition, Si/nanocarbon composite anodes suffer
from poor rate capability because of the bundling or
aggregation caused by the strong van der Waals interactions
during mixing and casting, resulting in an electrical discon-
nection between the Si and nanocarbon particles [19].

Generally, the water solubility of CNTs is improved by
adding a surfactant or employing an oxidation treatment
in a mixed acid solution. However, these methods consider-
ably decrease the electrical conductivity of the CNTs owing
to the presence of a residual surfactant or the formation of
surface defects [20]. Therefore, an effective method must
be adopted to disperse CNTs in an aqueous solution without
adding a surfactant and forming defects on the CNT surface.
Graphene oxide (GO) nanoparticles prepared by the
mechanical exfoliation of oxidized graphite have been used
to enhance the dispersibility of CNTs in aqueous solutions
[21]. The amphiphilic GO nanoparticles show a strong affin-
ity for hydrophilic water molecules and hydrophobic CNTs,
thus facilitating the formation of a stable CNT dispersion in
CNT/GO aqueous solutions [22, 23]. Therefore, Si nanopar-
ticles can be uniformly dispersed by suppressing the
aggregation of CNTs in Si/CNT/GO composites using GO
nanoparticles. Moreover, Si/CNT/GO composites are expected
to show synergistic effects by utilizing the advantages of the
CNT and GO components.

Thus, regarding the LIB technology, the present study is
aimed at developing a simple yet effective synthesis tech-
nique that can yield homogeneously mixed Si/nanocarbon
composite anode material suitable for improved electro-
chemical performances. This study reports the utilization
of a novel electrically conductive spherical framework com-
posed of uniformly dispersed CNT and GO components
without any posttreatment, such as chemical surface modifi-
cation, centrifugation, and surfactant as a Si-based LIB
anode material. A novel Si/CNT/GO microsphere composite
anode with a three-dimensional (3D) architecture was
designed and optimized using a spray-drying process to
improve the electrochemical performances of LIBs effec-
tively. The surface of the Si/CNT/GO microsphere was
coated with carbon using CH4 via chemical vapor deposition
(CVD) to enhance the electrochemical cyclic stability of the
composite anode (C-Si/CNT/GO). Subsequently, the elec-
trochemical characteristics of the C-Si/CNT/GO composite
anode were investigated to confirm the synergistic effects
of the nanoparticles constituting the composite material

and its possible application as a LIB anode. The results dem-
onstrated the potential application of the Si-based composite
anode for a high-performance LIB.

2. Experimental

2.1. Materials and Preparation of Composites. GO nanopar-
ticles were synthesized from graphite (325 mesh, Alfa Aesar,
USA) using a Couette–Taylor flow reactor according to the
modified Hummers method [24, 25]. Multi-walled CNTs
(CM-280) were purchased from Hanwha Chemical, Korea.
Three different solutions and Si-based composites were pre-
pared as follows: (a) CNTs (0.5 g) were dispersed and stirred
in deionized water (300mL) for 0.5 h and then ultrasoni-
cated for 6 h to prepare solution A. The CNTs were used
without posttreatment to avoid deterioration of their electri-
cal conductivity. (b) GO nanoparticles (0.5 g) were added to
solution A and then ultrasonicated for 2 h to prepare solu-
tion B. (c) Sodium dodecyl benzene sulfonate (SDBS) surfac-
tant (0.5 g) was added to solution A and subsequently
ultrasonicated for 2 h to prepare solution C. (d) Si nanopar-
ticles (<100nm, Alfa Aesar, USA) (2.5 g) were added to solu-
tions A, B, and C and then ultrasonicated for 2 h (Si/CNT/
GO weight ratio = 5 : 1 : 1) to fabricate Si-based composites.
Subsequently, the as-obtained solutions were spray-dried to
form a spherical composite structure [26]. Finally, the
spray-dried samples were freeze-dried, and the resulting
composite samples obtained from solutions A, B, and C were
labeled as Si/CNT, Si/CNT/GO, and Si/CNT/(S), respec-
tively. (e) The CVD treatment using CH4 gas was performed
in a horizontal tube furnace to fabricate carbon-coated Si-
based composites [11]. The composites were heat-treated
to 760°C (5°Cmin−1 rate, Ar atmosphere); this temperature
was maintained in a precursor gas atmosphere of Ar and
CH4 (200 sccm) for 1h. The CVD-treated composites were
denoted as C-Si/CNT, C-Si/CNT/GO, and C-Si/CNT/(S). (f)
For comparison, the Si/CNT, Si/CNT/GO, and Si/CNT/(S)
composites were heat-treated to 760°C (5°Cmin−1 rate) and
maintained at 760°C (1h) in an Ar atmosphere (200 sccm).
The heat-treated composites were referred to as H-Si/CNT,
H-Si/CNT/GO, and H-Si/CNT/(S). The schematic for the
preparation of the composites is shown in Figure 1.

2.2. Characterization. Field-emission scanning electron
microscopy (FE-SEM; Nova NanoSEM 450, FEI, USA) and
high-resolution transmission electron microscopy (HR-
TEM; Tecnai G2 F20, FEI, USA) were performed to observe
the morphologies and microstructures of the composite
materials; cross-sectional specimens were prepared using
an Ar-ion beam polisher. X-ray diffraction (XRD), Raman,
and X-ray photoelectron spectroscopy (XPS) analyses of
the composites were performed using an X-ray diffractome-
ter (Cu Kα radiation of 0.154 nm wavelength, SmartLab,
Rigaku, Japan), an Ar-ion laser (514 nm wavelength and
20mW power, inVia Reflex Raman microscope, Renishaw,
USA), and a monochromatic Al-Kα X-ray source (15mA,
14 kV, K-Alpha instrument, Thermo Scientific, USA),
respectively. Thermogravimetric analysis (TGA) was per-
formed in the temperature range of 25−1000°C (5°Cmin−1
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rate, air atmosphere) (Q50, TA Instruments, USA). The
SSAs of the samples were determined using the Brunauer–
Emmett–Teller (BET) equation from their N2 adsorption
isotherms (−196°C) measured using a volumetric-type
equipment (BELSORP-max, MicrotracBEL, Japan).

2.3. Cell Fabrication and Electrochemical Analyses. The
working electrodes were fabricated by mixing the compos-
ites (80wt%), carbon black (Super-P, 10wt%), and poly-
acrylic acid (10wt%) as the active material, conducting
agent, and binder, respectively, in deionized water. The slur-
ries were coated on a Cu foil, dried in a vacuum oven (120°C,
12 h) to remove the solvent completely, and pressed
(200 kg cm−2). The performance of the electrodes was com-
pared by fixing the electrode material thickness at 25μm
(loading amount of approximately 1−2mg cm−2). Coin-
type half-cells (CR2032) were assembled using a separator
(polyethylene membrane) and an electrolyte (1 M Li hexa-
fluorophosphate (LiPF6) solution in a mixture of ethylene
carbonate and dimethyl carbonate (3 : 7 v/v, Panax Etec
Co. Ltd., Korea)). The electrochemical performance was
evaluated by performing galvanostatic charge (Li-ion
insertion) and discharge (Li-ion extraction) (GCD) mea-
surements at a current rate of 0.1C (100mAg−1) in the
potential range of 0.01–2.0V vs. Li/Li+ (WBCS3000, WonA-
Tech, Korea). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) data were obtained at a scan
rate of 0.1mVs−1 and in the frequency range of 100 kHz–
0.01Hz, respectively, using an electrochemical workstation
(ZIVE SP2, WonATech, Korea). The surface electrical con-
ductivities of the composite anodes were measured using
the four-point probe technique (FPP-RS8, Dasol Eng.,
Korea) [27].

3. Results and Discussion

The fabrication procedure of the Si/CNT/GO microsphere
composites with a diameter of several micrometers is sche-

matically shown in Figure 1. The microsphere composites
were composed of Si nanoparticles, CNTs, and GO nanopar-
ticles as the main building blocks. GO nanoparticles were
used as a dispersion agent to facilitate the dispersion of
CNTs and Si nanoparticles in the mixed aqueous solution.
During the spray-drying process, the Si nanoparticles,
CNTs, and GO nanoparticles were assembled into micro-
spheres with a 3D framework, which was composed of
agglomerated CNTs entangled with each other and Si/GO
nanoparticles dispersed in the CNT matrix structure (Si/
CNT/GO). After the subsequent CVD process using CH4
gas at 760°C, a core–shell structure was formed with the Si/
CNT/GO microspheres (core) and a carbon-coating layer
(shell) (C-Si/CNT/GO). The thermal annealing effect during
the CVD process reduced the GO nanoparticles. The
carbon-coating layer of the microspheres improved the elec-
trical conductivity, prevented electrolyte permeation, and
suppressed the side reactions and SEI formation. Moreover,
the CVD treatment of the microspheres enabled tight bind-
ing of the three types of nanomaterials, which improved the
mechanical structural stability of the microspheres.

For the H-Si/CNT/GO and C-Si/CNT/GO composites,
the morphologies were compared using FE-SEM and HR-
TEM (Figure 2). The Si nanoparticles, CNTs, and GO nano-
particles aggregated to form a spherical structure (diameter
of approximately 5–10μm) during the spray-drying process
(Figure 2(a)). No significant changes in the spherical mor-
phology and average diameter of the Si/CNT/GO composite
were observed after the CVD treatment, while the deposited
carbon smoothened the rough surface of the microspheres
(Figure 2(b)). The magnified FE-SEM image showed the pres-
ence of Si nanoparticles, CNTs, and GO nanoparticles on the
Si/CNT/GOmicrosphere surface (inset of Figure 2(a)). In con-
trast, the surface of the C-Si/CNT/GOmicrospheres exhibited
a denser microstructure (inset of Figure 2(b)), which is associ-
ated with the effect of the carbon-coating layer. The HR-TEM
image of the C-Si/CNT/GO microsphere showed that the
CNTs were tightly entangled or aligned into the porous

Spray-drying

Carbon-coated
Si/CNT/GO

(C-Si/CNT/GO)

CH4 (g)

Heating zone
GOCNTSi

CVD

Spray-dried
Si/CNT/GO

(Si/CNT/GO)

Carbon coating layer

Heating zone

Figure 1: Schematic illustration of the preparation process of the C-Si/CNT/GO microsphere composite by spray-drying and subsequent
CVD.
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microspheres, and the Si nanoparticles were anchored in the
CNT network (Figure 2(c)). Additionally, the magnified HR-
TEM image confirmed that the Si nanoparticles were coated
with an amorphous carbon layer (approximately 5nm thick-
ness) (Figure 2(d)). However, the carbon layers coated on
the microsphere surface were not observed using HR-TEM,
which is consistent with a previous study [11]. This composite
structure showed improved electron transfer ability and effec-
tively buffered the lithiation-induced volume expansion of Si,
facilitating the stable SEI layer formation and preventing the
loss of electrical contacts. The selected area electron diffraction
(SAED) pattern corresponding to the HR-TEM image con-
firmed the fine crystal structure of the Si nanoparticles
(Figure 2(e)). The diffraction rings in the SAED pattern are
assigned to the (111), (220), and (311) planes of crystalline Si
[28], which was further confirmed by the XRD analysis results.

Conversely, the C-Si/CNT and C-Si/CNT/(S) composites
exhibited doughnut-like morphology (Figure S1), indicating
that the microsphere structure was unsuccessfully formed in
these composites during the spray-drying process. This
result suggests that the GO nanoparticles played a vital role
in the formation of the spherical morphology by controlling
the dispersibility of the CNTs and demonstrating excellent
sphere-forming ability of the GO nanoparticles during the
spray-drying process [25].

The crystal structures and compositions of the carbon-
coated composites were analyzed using XRD. The XRD pat-
terns exhibited sharp peaks at 2θ = 29°, 47°, 56°, 69°, and 77°,
indicating crystalline Si (Figure 3(a)) [29], while the weak
and broad peaks at 2θ = 26° are attributed to the (002) plane
of the carbonaceous materials [30]. The XRD peak of the
C-Si/CNT/(S) composite that appeared at approximately

20 𝜇m

1 𝜇m
GO

CNT
Si

(a)

20 𝜇m

1 𝜇m

(b)

200 nm

CNT

Si

(c)

50 nm

Amorphous
carbon

coating layer

Si

(d)

10 1/nm

(111)
(220)
(311)

(e)

Figure 2: FE-SEM images of (a) H-Si/CNT/GO and (b) C-Si/CNT/GO microsphere composites (insets are the high-resolution images of the
microsphere surfaces). (c, d) HR-TEM images of the C-Si/CNT/GO microsphere composite at different magnifications and (e) the
corresponding SAED pattern.
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22° is ascribed to the presence of residual SDBS surfactant
that was used in the synthesis. The compositions of the com-
posites were also analyzed using the Raman spectroscopy
(Figure 3(b)). The Raman spectra showed three peaks at
approximately 295, 510, and 950 cm−1, indicating crystalline

Si [31]. The two broad peaks at approximately 1350 cm−1

(disordered structure, D-band) and 1580 cm−1 (graphitic
structure, G-band) are the characteristic of carbonaceous
materials, such as CNTs, GO nanoparticles, and carbon-
coating layers [32]. Therefore, the concentration of structural
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Figure 3: (a) XRD patterns, (b) Raman spectra, (c) deconvoluted Si 2p XPS profiles calibrated against the C 1s peak at 284.5 eV, and (d)
deconvoluted C 1s XPS profiles of the C-Si/CNT, C-Si/CNT/(S), and C-Si/CNT/GO composites.
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defects in the carbonaceous materials was analyzed using the
ID/IG ratio. The ID/IG ratio was the highest at 1.39 for C-Si/
CNT/GO composite, which originated from a more defective
GO component in the C-Si/CNT/GO composite.

The surface chemical compositions of the carbon-coated
composites were investigated using XPS, which indicated the
presence of Si, C, N, and O (Figure S2). The Si contents on
the surfaces of the composites were 29.2 (C-Si/CNT), 18.5
(C-Si/CNT/(S)), and 22.6 at % (C-Si/CNT/GO) (Table S1).
C-Si/CNT/(S) showed a Na 1s peak (1.7 at %) at 1072 eV
owing to the residual SDBS surfactant [33]. Furthermore, all
the Si 2p XPS spectra were deconvoluted into five peaks at
approximately 99.9, 101.8, 103.5, 104.4, and 105.4 eV, which
corresponded to elemental Si0, Si1+, Si2+, Si3+, and Si4+,
respectively (Figure 3(c)) [34, 35]. The fractions of elemental
Si0 in the total Si content of the composites were 2.72 (C-Si/
CNT), 11.7 (C-Si/CNT/(S)), and 16.6% (C-Si/CNT/GO). The
Si 2p XPS profile of the C-Si/CNT/GO composite indicated
the preservation of the crystalline Si structure during the
fabrication process. All the C 1s XPS spectra were
deconvoluted into four peaks at approximately 284.6, 285.2,
286.8, and 288.9 eV, which corresponded to C=C, C–C, C–O,
and C=O bonds, respectively (Figure 3(d)) [36]. The C-Si/
CNT/GO composite exhibited a C=C to C–C ratio of 0.86,
which was lower than that of C-Si/CNT(S) (0.94) and C-Si/
CNT (0.99). This observation is associated with the more
defective GO component in the C-Si/CNT/GO composite.

Additionally, the compositions of the carbon-coated
composites were confirmed by obtaining their TGA and
derivative TGA (DTGA) curves in an air atmosphere
(Figure 4(a) and Figure S3). The estimated Si contents
were approximately 87.9 (C-Si/CNT), 88.8 (C-Si/CNT/(S)),
and 79.9wt% (C-Si/CNT/GO) (Figure S3 and Table S2).
The total Si content for all the composite samples obtained
by TGA was significantly higher than the surface Si
content obtained by the XPS technique, which is attributed
to the core–shell composite structure of the carbon-coating
layers on the outer surface and the embedded Si
nanoparticles in the inner space of the microsphere
composites, respectively. The TGA curve of the C-Si/CNT/
GO composite exhibited a strong weight loss peak at 450
−650°C due to the thermal-oxidative decomposition of the
CNT and GO structures. The weight increase over 650°C
was attributed to the formation of SiO2 by the oxidation of
the Si nanoparticles. The CNT and GO contents of the C-Si/
CNT/GO composite were approximately 7.2 and 12.9wt%,
respectively, which were obtained by deconvoluting the
DTGA curve of the C-Si/CNT/GO composite (Figure 4(a)).

The SSAs of the carbon-coated composites and nanopar-
ticles (Si nanoparticles, CNTs, and GO nanoparticles)
constituting the composites were determined by the N2
adsorption technique. Figure 4(b) shows the N2 adsorption
isotherms (−196°C) of the composites, their components,
and the corresponding BET SSAs. The Si nanoparticles and
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Table 1: Electrochemical properties and sheet resistances of the C-Si/CNT, C-Si/CNT/(S), H-Si/CNT/GO, and C-Si/CNT/GO composite
LIB anodes.

Sample
Charge capacity
after 1 cycle
(mAh g−1)

Discharge capacity
after 1 cycle
(mAh g−1)

Initial Coulombic
efficiency after
1 cycle (%)

Capacity retention
after 50 cycles
(mAh g−1)

Capacity retention
after 100 cycles
(mAh g−1)

Sheet
resistance
(mΩ sq−1)

C-Si/CNT 647 317 49 191 196 1.50

C-Si/CNT/(S) 1675 1273 76 899 423 1.16

H-Si/CNT/GO 2970 2436 82 1393 — —

C-Si/CNT/GO 2921 2395 82 1785 1542 0.87
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Figure 5: Continued.
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CNTs exhibited type-II N2 adsorption isotherms, whereas
the GO nanoparticles exhibited type-IV with a wide H3-
type hysteresis loop, which is ascribed to the slit-shaped
pores between the flake-like GO sheets. The increased
amounts of adsorbed N2 for the nanoparticles at medium
and high relative pressures (P/P0) are attributed to the mul-
timolecular layer adsorption on the interstitial pores and the
external surface between the nanoparticles; the SSAs of the
Si nanoparticles, CNTs, and GO nanoparticles were 40,
160, and 190m2 g−1, respectively. The composites exhibited
type-II N2 adsorption isotherms, indicating that they mainly
consisted of meso-/macropores; the SSAs of the composites
were 214 (C-Si/CNT), 26 (C-Si/CNT/(S)), and 82m2 g−1

(C-Si/CNT/GO). The relatively high SSA of the C-Si/CNT
composite is attributed to the bundled or entangled CNTs
due to their poor dispersibility, which resulted in the exposure
of many Si nanoparticles on the surface of the composite. Thus,
controlling the volume expansion of Si nanoparticles is difficult
in this composite structure. Conversely, the C-Si/CNT(S) and
C-Si/CNT/GO composites exhibited more packed structures
due to the well-dispersed CNTs. In particular, the meso-/
macropores of the C-Si/CNT/GO composite provided a struc-
tural buffer space to withstand the volume expansion of the
well-dispersed Si nanoparticles into the CNT/GO spherical
framework during the repeated lithiation/delithiation reac-
tions, thereby preventing the cracking-induced pulverization
of the Si-based anode and improving its cyclic stability. The
electrical conductivity of the C-Si/CNT/GO composite anode
was higher than that of the C-Si/CNT and C-Si/CNT/(S) com-

posite anodes (Table 1). Therefore, for the C-Si/CNT/GO com-
posite anode, the spherical framework composed of CNTs and
GOnanoparticles as a carbonaceousmatrix provided enhanced
electrical conductivity because of its low contact resistance and
excellent structural stability against the Li-ion insertion-
induced volume expansion.

Figure 5(a) illustrates the GCD profiles of the carbon-
coated composite anodes during the first cycle over the poten-
tial range of 0.01–2.0V vs. Li/Li+ and at a rate of 0.1C
(100mAg–1). A long plateau was observed for all composite
anodes at approximately 0.1V in the first charging curve due
to the formation of amorphous LixSi during the lithiation pro-
cess. The charge capacities of the carbon-coated composite
anodes after the first cycle were 647 (C-Si/CNT), 1675 (C-Si/
CNT/(S)), and 2921mAhg−1 (C-Si/CNT/GO), and the corre-
sponding initial Coulombic efficiencies were 49, 76, and 82%,
respectively (Table 1). The initial Coulombic capacity of theC-
Si/CNT/GO composite anode was superior to that of the Si/
CNT/(S) and C-Si/CNT composite anodes. This result sug-
gests that the GO nanoparticles acted as a bridge to connect
the Si nanoparticles mechanically and electrically in the com-
posite anode structure during the lithiation/delithiation reac-
tions. Moreover, the low initial Coulombic efficiency of the
C-Si/CNT anode is attributed to the aggregation of the CNTs
due to their poor dispersibility in the aqueous solution, which
resulted in the low electrical conductivity of the anode.

The Li-ion storage behavior of the C-Si/CNT/GO com-
posite anode was investigated by conducting CV measure-
ments over the potential range of 0.01–2.0V for three
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Figure 5: Electrochemical performances of the C-Si/CNT, C-Si/CNT/(S), H-Si/CNT/GO, and C-Si/CNT/GO composite anodes. (a) GCD
profiles during the first cycle between 0.01 and 2.0 V vs. Li/Li+ at a rate of 0.1 C (100mAg−1). (b, c) Cyclic performances at a rate of
0.2 C (200mAg−1) and 0.01–2.0V vs. Li/Li+ for 100 cycles. (d) Rate capabilities at various rates of 0.2, 0.5, 1, 3, and 6C. (e) Specific
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(f) The Nyquist plots and resistance values of the C-Si/CNT/GO composite anode after the first, second, third, and tenth cycles at 6A g−1.
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cycles (Figure S4A). During the charging process, a sharp
reduction peak was observed below 0.1V, indicating the
insertion of Li-ions into the polycrystalline Si and the
formation of amorphous LixSi [37]. In the discharging
process, two broad oxidation peaks were observed at 0.35
and 0.51V, suggesting the decomposition of LixSi and
delithiation from Si, respectively. In the subsequent cycles,
the cathodic peak intensity at 0.2V gradually increased

owing to the formation of the Li–Si alloy phase. In addition,
the intensities of the cathodic and anodic peaks increased
during the cycling process, indicating the activation of more
Si phases during the charging/discharging processes. The
peaks in the differential capacity plots of the composite
anodes are attributed to the phase changes caused by the
electrochemical reactions, which is consistent with the CV
results (Figure S4B).
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Figure 6: (a, c) Cross-sectional and (b, d) top-view FE-SEM images of the C-Si/CNT/GO microsphere composite anode (a, b) before
and (c, d) after 100 cycles.
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Figure 5(b) shows the cycle performances of the carbon-
coated composite anodes at a rate of 0.2C (200mAg−1).
After 100 cycles, the specific capacity of the C-Si/CNT/GO
composite anode was maintained at 1542mAhg−1 (64%
capacity retention), while that of the C-Si/CNT and C-Si/
CNT/(S) composite anodes decreased to 196 (62% capacity
retention) and 423mAhg−1 (33% capacity retention),
respectively (Table 1). After 200 cycles, the C-Si/CNT/GO
composite anode continued to exhibit superior capacity
retention than the C-Si/CNT and C-Si/CNT/(S) composite
anodes (Figure S5). The cycle performances of H-Si/CNT/
GO and C-Si/CNT/GO were compared (up to 50 cycles) to
confirm the effect of the carbon coating on the cycle
performance of the composite anodes (Figure 5(c)). The
specific capacity of the H-Si/CNT/GO composite anode
drastically decreased from 2436 to 1393mAh g−1 after 50
cycles. This result indicates that the H-Si/CNT/GO composite
anode showed capacity retention of 57%, which can mainly
be attributed to the volume expansion due to the formation
of LixSi during the continuous charging/discharging processes
(Figure 5(c)) [38]. The capacity retention (after 50 cycles) of
the C-Si/CNT/GO composite anode (75%) was significantly
higher than that of the H-Si/CNT/GO composite anode
(57%). The carbon-coating layers in the C-Si/CNT/GO
composite acted as electrical bridges between the neighboring
Si nanoparticles, CNTs, and GO nanoparticles to form
effective electron transfer pathways. Moreover, these layers
facilitated the formation of a mechanically robust C-Si/CNT/
GO composite structure. The rate capabilities of the
composite anodes are shown in Figure 5(d). The C-Si/CNT/
GO composite anode exhibited improved rate capability and
cycle stability than the C-Si/CNT and C-Si/CNT/(S)
composite anodes. For Li-ion extraction up to 6C, the C-Si/
CNT/GO composite anode exhibited an excellent rate
capability of 1506mAh g−1, which was compared with the

rate capability of previously reported Si/CNT/graphene
composite anodes (Figure 5(e)) [39–48]. The C-Si/CNT/GO
composite anode fabricated in this study exhibited a rate
capability superior to that of other Si/CNT/graphene
composite anodes, even at high current densities. Figure 5(f)
illustrates the Nyquist plots and resistance values for the C-Si/
CNT/GO composite anode at 6A g−1 after the first, second,
third, and tenth cycles. The interfacial resistance (RSEI) and
charge transfer resistance (RCT) values of the C-Si/CNT/GO
composite anode were 4.2 and 8.5Ω, respectively [49, 50].
The RSEI and RCT values increased with the number of
charge–discharge cycles. However, the RSEI value did not
increase further after the third cycle, indicating the effective
formation of the SEI layer during the 3-cycle charge–
discharge process.

The changes in the morphology of the C-Si/CNT/GO
composite anode after the charging/discharging processes
were investigated to confirm its structural stability.
Figure 6 shows the cross-sectional and top-view FE-SEM
images of the C-Si/CNT/GO composite anode before and
after 100 cycles. The anode samples were cross-sectioned
using an Ar-ion beam polisher for the cross-sectional obser-
vation. The C-Si/CNT/GO composite anode (thickness of
25.1μm) exhibited a low volume expansion ratio of 74.5%
after 100 cycles. Furthermore, the cycled C-Si/CNT/GO
composite anode did not exhibit any significant disintegra-
tion, such as microscale cracks and the delamination of the
anode materials from the current collector. This phenome-
non is attributed to the high electrical conductivity and suf-
ficient buffer space of the interconnected CNT framework of
the composite anode (Figure 7). Moreover, the GO nanopar-
ticles and carbon-coating layers interlaced with the CNT
network provided mechanical stability for the volume
expansion of the embedded Si nanoparticles and electrically
conductive channels (Figure 7).
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Figure 7: Schematic showing the structural changes in the C-Si/CNT/GO microsphere composite anode after the lithiation/delithiation
processes.
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4. Conclusion

A carbon-coated Si/CNT/GO microsphere composite was
successfully fabricated using efficient and industrially scalable
spray-drying and CVD processes for application as a high-
performance LIB anode material. TheC-Si/CNT/GO compos-
ite anode exhibited excellent electrochemical performance
with high specific charge and discharge capacities (2921 and
2395mAhg–1 at 100mAg–1, respectively), long cycle life
(1542mAhg–1 at 200mAg–1 after 100 cycles, capacity reten-
tion of 64%), and high charge/discharge rates (1506mAhg–1

at 6Ag–1). The components of the C-Si/CNT/GO composite
anode had a synergistic effect on its electrochemical perfor-
mance for LIB applications (Figure 7). The Si nanoparticles,
CNTs, GO nanoparticles, and carbon-coating layers contrib-
uted to the excellent electrochemical performance of the C-
Si/CNT/GO composite as a LIB anode. The possible contribu-
tions are as follows: (a) the Si nanoparticles contributed to the
high electrochemical capacity of theC-Si/CNT/GO composite;
(b) the CNTs facilitated the formation of the electrical net-
works and spherical frameworks, depending on the dispersi-
bility of the CNTs, and thus, the well-dispersed CNTs
improved the electrical conductivity of the 3D architecture
and provided sufficient buffer space for accommodating the
volume expansion of the Si nanoparticles; (c) the GO nano-
particles enabled the formation of electrically conductive path-
ways and played a vital role in the formation of spherical
morphology by the suspension of CNTs in the aqueous Si/
CNT/GO dispersion, which was promoted by the excellent
sphere-forming ability of the GO nanoparticles during the
spray-drying process [25, 51]; and (d) furthermore, the
carbon-coating layer improved the electrical conductivity
and mechanical structural stability of the composite, pre-
vented electrolyte permeation, and suppressed the side reac-
tions and SEI formation [52]. Our study reveals that the
electrically interconnected carbonaceous framework signifi-
cantly enhances the buffering effect for volume expansion
and the Li-ion diffusivity in the Si-based composite anode,
which is associated with the robust framework and increased
diffusion channels by synergistic effects of the uniformly dis-
persed CNTs and GO nanoparticles and the carbon-coating
layers. We expect that our efficient and scalable method for
producing robust Si-based core–shell composite anodes can
provide a significant breakthrough for developing next-
generation LIBs for EVs.
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