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Abstract—Silicon/carbon composite electrodes are in the spotlight as an anode with a high capacity and a long cycle
life. For this purpose, it is important to make a uniformly dispersed composite material. We fabricated spherical com-
posite particles of reduced graphene oxide (rGO) and silicon nanoparticle (Si NP) using a spray drying method. The
composite microparticle fabricated by drying the suspended droplets forms a well-agglomerated rGO/Si NP composite
and forms a pore structure by crumpled rGO. The rGO/Si NP microparticles were applied as the anode of the lithium-
ion battery. We achieved a reversible capacity of 1,246 mAh/g at 1A/g after 200 charge/discharge cycles and a capacity
retention of 83%. Considering that the Si NP microparticle without rGO showed a capacity of 365 mAh/g and a reten-
tion of 12%, the rGO matrix improves the electrical conductivity and effectively alleviates stress during charge and dis-

charge cycles.
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INTRODUCTION

The development of advanced lithium-ion batteries (LIBs) for
energy storage in various types of electronic devices that require
light weight, long life, high power and high energy density is a great
challenge [1-4]. However, current LIBs have limited storage capac-
ity, and thus, high capacity and high density LIB technology is
needed to meet the growing demand for industrial applications
[56] Si is attracting attention as an LIB anode due to its excellent
theoretical capacity of 4,000 mAh/g, approximately 10 ten-times
larger than conventional graphite anode [7]. However, Si undergoes
large volume changes (>300%) during lithiation and delithiation
processes, resulting in severe breakdown of the electrode and sub-
sequent electrical disconnection, and thus, a significant capacity
drop [8]. Extensive research has addressed these issues using Si
nanostructures, including nanowires [9,10], nanotubes [11-13],
nanoparticles, porous structures [14,15] and composites with car-
bon materials.

Graphene is a single layer carbon sheet with sp*-hybridized car-
bon lattice. Graphene is known to have excellent electronic con-
ductivity, excellent mechanical flexibility, excellent chemical stability
and high specific area [16,17]. Graphene and Si composites have
been studied extensively as LIB electrodes [18-20]. This compos-
ite electrode could accommodate the volume changes of Si due to
the excellent physical properties of graphene and improve the con-
ductivity of the electrode, thus enabling high capacity and cycle
retention [21]. For example, Zhu et al. fabricated Si/graphene com-
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posites through self-assembly of NH,-terminal Si nanowires and
graphene oxide (GO) with high capacity retention of 1,335 mAh/g
after 80 cycles at 0.2 A/g [22]. Zhou et al. assembled Si nanoparti-
cles and surface modified graphene with poly(diallydimethylam-
monium chloride). This composite electrode showed a reversible
capacity of 1,205 mAh/g over 150 cydles at 0.1 A/g [23]. Liu et al.
designed a sandwich nanoarchitecture of rolled Si/reduced graphene
oxide (rGO) bilayer. This composite showed a high capacity of 821
mAh/g after 700 cycles at 1 A/g [24]. Gao et al. synthesized a mul-
tilayer structure of Si/rGO through inexpensive electroless etching
and graphene self-encapsulating approach. They exhibited a revers-
ible capacity of 1,026 mAh/g over 50 cycles at 1 A/g [25]. How-
ever, because 2D graphene composites tend to be reconstructed
through 77 interactions in the synthesis process, the resulting com-
posite material reduces the available surface area due to limited elec-
tron and ion transport [26]. Recent research has suggested various
methods to maintain the inherent characteristics of individual
graphene sheets [27,28]. The crumpled graphene or encapsulated
graphene and Si composite did not sacrifice the physical proper-
ties of graphene [29-31].

In this study; spherical particles of Si nanoparticle and graphene
composites were prepared by using spray drying. Unlike typical film
morphology, with spherical morphology it is easy to make high
concentration dispersions, and consequently; it is easy to form thick
electrodes for high energy density [20,21]. Rapid drying by spray
drying makes it possible to mass-produce composite particles. Briefly;
fine droplets of GO and Si nanoparticles were formed and dried,
and spherical microparticles of rGO/Si NP composites were pro-
duced by thermal reduction of graphene oxide. In particular, when
dried inside a droplet, the GO flakes are crumpled and thus, do
not get aggregated, forming spherical particles containing pores in
which Si nanoparticles are well dispersed. The lithium ion battery
of rGO/Si NP microsphere anode exhibited a reversible capacity of



3196 ]. Lee and J. H. Moon

1,246 mAh/g at 1 A/g after 200 charge/discharge cycles. In contrast,
Si microsphere cells showed a capacity of 365 mAh/g. In addition,
the capacity retention rate was 83% for rGO/Si NP microparticles
and only 12% for Si microparticles. This indicates that the rGO
effectively buffers the volumetric change that is attributed to Si lithia-
tion/delithiation, and also provides a good electrical conductive
matrix.

EXPERIMENTAL SECTION

1. Synthesis of rGO/Si NP Microparticles

GO (Graphene Supermarket) and Si NPs (Sigma Aldrich) were
dispersed in water/ethanol (70 : 30 v/v%) mixture to obtain a stable
Si-GO suspension. The size of Si NPs was measured by light scat-
tering method, and Si NPs were approximately 100 nm in size in a
solution of ethanol and water (see Fig. S1). We confirmed that the
Si nanoparticles dispersed in the mixture of ethanol and water
were retained for several days without precipitation by agglomera-
tion (see Fig. S2). We obtained GO/Si microparticles by spray dry-
ing this solution. A spray dryer was used for the preparation of
GO/Si microparticles. The spray drier was operated at a flow rate of
spraying solution of 3 ml/min and a chamber temperature of 140 °C.
We heat treated the sample at 700 °C in an Ar atmosphere. During
this heat treatment, GO is reduced to rGO.
2. Material Characterization

The morphologies and microstructures of the samples were ob-
served by scanning electron microscopy (SEM) (FESEM, Carl Zeiss,
SUPRA 55VP) and energy-dispersive spectroscopy (EDX, BRUKER,
XFlash Detector 4010) elemental mapping was performed to exam-
ine the spatial distribution of the prepared materials. High-resolu-
tion transmission electron microscopy (HRTEM) (JEM-3010, JEOL).
Raman spectra were recorded using a Horiba Jobin Yvon LabRam
HR equipped with an air-cooled Ar-ion laser operated at 514 nm.
X-ray diffraction (XRD) patterns were obtained using a Davinci
D8 Advance diffractometer using Cu-Ke radiation; the samples
were scanned between 10 and 90° at a scan rate of 0.04°/s. Ther-
mogravimetric analysis (TGA) was conducted by heating the sam-
ple to 800°C in air at a heating rate of 4°C/min (TA instrument
TGA Q50).
3. Electrochemical Characterization

We fabricated an anode film by doctor blade coating a slurry
containing 60 wt% of active material, 20 wt% of conductive agent
(DB-100), and 20 wt% of poly (acrylic acid). The copper foil was
used as the current collector of the anode electrode, and the areal
mass density of the active material was approximately 1 mg cm™”.
CR2032 coin-type cells were assembled using rGO/Si NP micro-
sphere electrode, Li-metal counter electrode and polypropylene
membrane. A mixture solution of 1 M LiPF; dissolved in a mix-
ture of ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/
dimethyl carbonate (DMC) was used as electrolyte solution. The
battery performance was evaluated by using a Maccor 4300 test
system. Electrochemical impedance analyses of cells were performed
by electrochemical impedance spectroscopy (EIS) using an imped-
ance analyzer (Versastat, AMETEK). The measurements were in
the 1 MHz to 0.1 Hz frequency range with a voltage amplitude of
10mV.
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Scheme 1. Formation of GO/Si NP composite microparticles by spray
drying.

RESULTS AND DISCUSSION

We briefly describe the fabrication of rGO/Si NP microparti-
cles by spray drying, as shown in Scheme 1. We prepared a solu-
tion of GO and Si nanoparticles dispersed in a mixture of ethanol
and water, and spray-dried the solution. Under high temperature
drying condition (140 °C), the droplets of the sprayed dispersion
rapidly dried to form GO/Si nanoparticle microparticles. In heat
treatment at 700 °C and Ar atmosphere, GO was reduced to rGO
to form rGO/Si NP microparticle. Figs. 1(a) and 1(b) are SEM
images of rGO/Si NP microparticles. The size of the rGO/Si NP
microparticles is uniform and the average diameter is about 5 pm.
A crumpled rGO shell is observed on the surface, as observed in
Fig. 1(c). Si nanoparticles are included between graphene layers.
We believe that nanoparticles may be effective in preventing stack-
ing of graphene flakes. Fig. 1(d) shows the cross-section of the mi-
croparticle. In the EDS mapping, a composite of Si and rGO can
be found inside the microparticle.

The content of Si in rGO/Si NP microparticles was analyzed by
TGA, as shown in Fig. 2(a). A large mass loss at 600 means de-
composition of carbon, and the slight increase in mass at tempera-
tures above 600 °C is due to oxidation of Si. As a result, the con-
tent of Si in the microparticle was about 63 wt%. The XRD peak of
the rGO/Si NP microparticle is shown in Fig. 2(b). Bare Si micro-
particles (Si microparticles) were also fabricated by spray drying Si
NP dispersion for comparison. Both results show the diffraction
peaks at about 28.5°, 47.3° and 56.2°, which correspond to the
(111), (220) and (311) planes of crystalline Si, respectively [15,32].
In the case of rGO/Si NP microparticles, they exhibit a wide peak
at around 23°. This broad diffraction peak is attributed to the pres-
ence of rGO, which indicates that the graphene sheets are out of
order in the lamination direction, and thus the composites are
composed primarily of single or a few rGO layers [33]. Raman spec-
troscopic analysis of rGO/Si NP microparticles and bare Si micro-
particles was performed. The intense peak at 516 cm™" represents
crystalline Si (see Fig. 2(c)) [32,34]. The broad peaks at 1,350 cm ™'
and 1,590 cm™ are well-known characteristic peaks of graphite car-
bon. The former is due to disordered graphite (D mode), and the
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Fig. 1. SEM images of (a), (b) rGO/Si NP microparticles (scale bar: 1 pm) (c) High magnification SEM image of rGO/Si NP microparticles
(scale bar: 200 nm) (d) Elemental mapping of rGO/Si NP microparticles (scale bar: 1 um).
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Fig. 2. (a) Thermogravimetric analysis curve of the rGO/Si NP microparticles in air. (b) XRD pattern and (c) Raman spectra of of Si micro-

particles and rGO/Si NP microparticles.

latter is due to scattering of vibration of sp’ graphite carbon region
(G mode) [35]. The peak ratio of D and G (I/I;) is known as a
parameter to evaluate the graphitization of carbon-based materi-
als and the defect density of graphene materials. After heat reduc-
tion, the I/I;; ratio increased from 1.03 to 1.11 (see Fig. S3). This is
due to the presence of local sp’ defects in the sp” carbon network
at the time of the detachment of the exfoliated GO [36]. We also
identify the 2D of graphene at 2,700 cm™" [37].

The electrochemical performance of rGO/Si NP microparticles
was evaluated by assembling a coin cell LIB. The charge/discharge
voltage profile of 1st cycle, 2nd cycle and 50th cycle is shown in
Fig. 3(a). The profile was measured from a 0-2 V vs. Li/Li" voltage

window at a current density of 1 A/g. The first discharge (lithiation)
profile represents a potential step in the range of 0.7 to 0.3 V. This
indicates the irreversible insertion of lithium ions into the Si nanopar-
ticles (i.e., formation of an amorphous Li,Si phase) while forming
the SEI layer [15,38]. This profile then shows a long flat plateau start-
ing at about 0.1V, representing a crystalline Si Li alloy process
[39]. The voltage of this plateau shifts to 0.4 V in the second cycle,
which can be explained by the Li alloying with amorphous Si after
the first cycle. In the first discharge, a stable SEI film was formed
on the carbon surface, so a small plateau of 0.8 V disappeared after
the first cycle [40].

The cycling capability of rGO/Si NP microparticles and Si mi-
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Fig. 3. (a) Charge/discharge voltage profile of rGO/Si NP microparticles. (b) Cycling performance and columbic efficiency of rGO/Si NP
microparticle and Si microparticle electrodes at 1 A/g. (c) Rate capabilities of rGO/Si NP microparticles electrodes measured at vari-
ous current densities from 1 to 16 A/g. (d) Impedance spectra measured after rate capability test of rGO/Si NP microparticles and Si

microparticles.

croparticles was evaluated at 0-2 V versus Li/Li" voltage window at
a rate of 1 A/g after initial two-cycle activation at 100 mA/g. The
result is shown in Fig. 3(b). Here, RGO/Si mixture was obtained
by drying the same dispersion at 60 °C for comparison. The spe-
cific capacity of the electrode was calculated based on the weight
of the active material. The rGO/Si NP microparticles LIB exhibit a
capacity of 2,290 mAh/g and 1,859 mAh/g for initial discharge
and charge, respectively, with an initial columbic efficiency of 81%.
The high irreversible capacity loss in the first cycle is due to vol-
ume change and pulverization of the electrode due to the forma-
tion of the SEI layer [24]. However, as shown in Fig. 3(b), The
coulomb efficiency is restored to over 99% after the next four cycles.
Meanwhile, the cycling ability of the Si microsphere and rGO/Si
NP microsphere anode LIB was measured under the same condi-
tion. The Si microparticles LIB delivered an initial discharge capac-
ity of 3,353 mAh/g, but sharply decreased to 365 mAh/g after 200
cycles. Therefore, after 200 cycles, the retention ratio was 12%. The
capacity retention of rGO/Si NP microsphere anode LIB was 83%
at 200 cycles. This result shows that the graphene assembled matrix
effectively relieves mechanical stress due to large volume changes
during lithiation/delithiation [41]. Moreover, the formation of rGO
and Si composite electrodes by spray drying produces a more stable
electrical conduction network than previous mechanically mixed
electrodes.

The rate performance in the rGO/Si NP microsphere anode
LIB was evaluated by measuring the discharge capacity as the cur-
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rent density increased from 1 to 16 A/g, as shown in Fig. 3(c). With
a 16-fold increase in current density, the rGO/Si NP microparticles
cell maintained a high coulombic efficiency (>99%) while main-
taining a reversible capacity of 552 mAh/g. Si microparticles main-
tained a low capacity of 198 mAh/g under the same conditions (see
Fig. S4). This indicates that the capacity retention rate of the cell was
32%. The capacity was restored to 1,539 mAh/g when the current
density was returned to 1 A/g after 16 A/g ultra-fast charge/dis-
charge cycling, which shows excellent rate performance. The Nyquist
plot of the EIS shows a semicircle due to charge transfer resistance
in lithiation (see Fig. 3(d)). A slightly smaller semicircle at higher
frequencies is due to the resistance of the SEI film and the charge
transfer resistance in lithiation. The rGO/Si NP microsphere anode
showed small semicircular than Si microsphere anode. This indi-
cates that conductivity and charge transfer are facilitated by rGO
[42].

CONCLUSION

We fabricated Si NPs/rGO microparticles by spray drying of
mixed solution of Si NPs and GO and subsequent high tempera-
ture heat treatment. Spray drying produces agglomerates of rGO
and Si NPs, resulting in a composite of good electrical conductiv-
ity. In addition, the spherical particles cause the rGO to crumble
and provide pores that can alleviate volumetric changes during
charge and discharge. In the LIB application, the rGO/Si NP micro-
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sphere anode LIB provided a reversible capacity of 1,246 mAh/g at
1 A/g after 200 charge-discharge cycles. The capacity retention rate
after 200 cycles was 83% and the coulombic efficiency was 99%.
In contrast, Si-microsphere cells showed a 12% lower capacity
maintenance. Also, the rGO/Si NP microsphere anode LIB exhib-
ited high performance rates. As the current density increased from
1 to 16 A/g, the capacity retention was 32%. Our method is sim-
ple and easy to scale-up, and can be applied to commercialization
of Si/C anode for LIB.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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