J Mater Sci (2020) 55:4382-4394

Energy materials

l‘)

Check for
updates

Rapid coating of asphalt to prepare carbon-
encapsulated composites of nano-silicon and graphite
for lithium battery anodes

Wenping Liu'? @, Huarui Xu'*, Haiging Qin, Yanlu Lv®, Guisheng Zhu', Xiaoxu Lei?,
Feng Lin?3, Zhenjun Zhang?, and Lihui Wang?

" School of Mechanical and Electrical Engineering, Guangxi Key Laboratory of Information Materials, Guilin University of Electronic
Technology, Guilin 541004, China

2 Guilin Key Laboratory of Microelectronic Electrode Materials and Biological Nanomaterials and National Special Mineral Materials
Engineering Technology Research Center and Guangxi Key Laboratory of Superhard Materials, China Monferrous Metal (Guilin)
Geology and Mining Co., Ltd, Guilin 541004, China

3 College of Materials Science and Engineering, Guilin University of Technology, Guilin 541004, China

ABSTRACT

In order to obtain large-scale industrial silicon/carbon composites as anode
materials for lithium-ion batteries, graphite-loaded nano-silicon (G@Si) com-
posite was synthesized by a facile spray drying method, and then asphalt
powders were fast fused on the surface and carbonized at 1100 °C for 2 h to
obtain core-shell G@Si@C composite. The nano-5i particle was pinned on the
graphite surface without bareness via asphalt carbon layer. The G@Si@C com-
posite delivers excellent electrochemical performance with an initial reversible
charge capacity of 502.5 mAh g~! and coulombic efficiency of 87.5%, and the
capacity retention is 83.4% after 400 cycles. The superior cycle performance is
attributed to the carbon layer relieving volume change, stabilizing SEI film and
inhibiting particle pulverization. Moreover, the outstanding high-rate discharge
properties of G@Si@C composite may be owing to the preferable electrochem-
istry kinetics such as fast charge transfer and lithium-ion diffusion.
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as anode material already cannot satisfy the demands
for new-energy vehicles and consuming electronics

Introduction

Lithium-ion batteries (LIBs) have been explored into
the most concerning reversible energy storage bat-
teries in the past decades due to long cycle life and
high energy density with low self-discharge [1-3].
However, the energy density of LIBs using graphite
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products [4, 5]. One method to improve the energy
density of LIBs is to explore anode materials with
high lithium storage capacity. Dahn and co-workers
have done quite a lot of work on silicon-based elec-
trodes as lithium anode material in the late 1990s
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[6, 7]. Chan [8] and Zhang [9] have simulated the
electrochemical lithiation and delithiation of crys-
talline silicon and silicon-carbon multilayer films
with first principles to provide firm conceptual
foundations for future design of improved Si-based
anodes for Li-ion battery applications. Silicon has
been supposed to be a promising anode material to
replace graphite in Li-ion batteries due to its high
theoretical capacity (3579 mAh/g for Lij5Sis), low
lithiation potential (below 0.5 V vs. Li/Li") and the
abundance in the earth [10-14]. However, there is a
large volumetric variation (~ 300%) during the
lithium insertion and extraction into/from pure sili-
con anode material, which is easy to form unsta-
ble solid electrolyte interphase (SEI) film and destroy
the electrode, leading to rapid decay of cycle life
[15-18].

In order to promote commercial application of the
Si-based anode material, there are many researches
on solving these issues. The main method is to pre-
pare Si-based nano-composites with other materials,
such as graphite [19, 20], carbon materials [21], TiO,
[22], Coz04 [23] and SiOy [24]. Zhu [25] and Huang
[26] have designed the carbon-coated Si-based com-
posite as an anode material with electrochemical
performance for lithium-ion batteries. Many studies
have reported silicon/carbon composite materials as
lithium battery anodes, but low-cost industrial pro-
duction is crucial [26-29]. Because graphite and car-
bon materials can buffer the stress caused by the
huge volume variation and enhance conductivity of
silicon, the way to combine nano-Si with graphite
and coat carbon layer to prepare G@Si@C composite
materials is easy to realize industrialization. Chen
et al. [30, 31] have prepared carbon-coated graphi-
te/plasma nano-silicon with a core-shell structure as
lithium-ion battery anode materials by facile spray
drying method, which is very easy to industrialize.
But in their experiment, the used solvent tetrahy-
drofuran is flammable, combustible and high cost,
hindering the practical application of asphalt-carbon-
coated Si-based anode. It is very necessary to explore
other facile methods to coat asphalt carbon layer on
nano-Si for industrialization.

In this work, we have prepared nano-Si particles
via inductively coupled plasma (ICP) technology,
which is promising for industrialization. The G@Si
composite was obtained by the facile spray drying.
The asphalt layer has been coated with asphalt
powders by fast fusing method and carbonized to
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obtain G@Si@C composite for LIBs anode material,
which can realize low cost and fast preparation. We
have combined many structure and morphology
characterization techniques with cyclic voltammetry
and electrochemical impendence spectroscopy to
investigate the effect of the asphalt carbon coating
layer on the improving performance of G@Si@C
composite anode. The G@Si@C composite exhibits an
initial reversible charge capacity of 502.5 mAh g~
and coulombic efficiency of 87.5%, with a capacity
retention of 83.4% after 400 cycles, suggesting that
G@Si@C composite is an excellent anode for LIBs.

Experiment
Sample preparation

Nano-Si powders were prepared by the 15 KW
inductively coupled plasma (ICP) equipment, which
was purchased from Tekna Plasma System Inc.
(Canada). 10 wt% Nano-Si powders, 85 wt% artificial
graphite and 5 wt% citric acid were added into
deionized water and mixed into a suspension with a
solid content of 30 wt%. The G@Si composite pre-
cursor powders were obtained by drying the sus-
pension with spray drying method. Then, 85 wt%
G@Si composite precursor powders and 15 wt%
asphalt powders were put into the fusion machine
and fused 10 min with 2000 r/min to obtain G@Si@C
composite precursor powders. The structural repre-
sentation of the fusion machine is shown in Fig. 1a.
The powders were squeezed by the high-speed rev-
olution of rotary cylinder in the fusing process, so an
asphalt layer was formed on the surface of G@Si
composite precursor powders. Finally, the G@Si and
G@Si@C precursor powders were heat-treated at
1100 °C under vacuum for 2 h to obtain G@Si and
G@Si@C composite.

Sample characterization

The structure and morphology of samples were
investigated by field emission electron microscopy
(FE-SEM; Quanta 200), transmission electron micro-
scopy (TEM; JEM-2100HR), X-ray diffraction (XRD;
D8 ADVANCE) and Raman spectroscopy (Jobin
Yvon LabRam HRS800). The silicon content in the
composite was confirmed by thermogravimetric
analysis/differential scanning calorimetry (TGA/
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Figure 1 a The structural

representation of fusion (a)
machine, b—c G@Si

composite and d G@Si@C

composite, e EDS mapping of Water Jacket
G@Si@C composite. Powder
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DSC, DSC-204 phoenix). The specific surface area was
measured by Brunauer-Emmett-Teller (BET) test
with ~ Micromeritics ASAP-2020M nitrogen
adsorption.

Electrochemical measurements

The electrochemical performances of the samples
were studied by 2032 coin half-cells, which were
assembled in an argon-filled glove box. The cells
were composed of working electrode, Celgard 2400
as the separator, lithium foil as a reference electrode
and solution of 1 M LiPF6 in ethylene carbonate(EC)/
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diethyl carbonate(DEC)/ ethylene carbonate(EMC)
(1:1:1, v/v) as the electrolyte. The working electrode
was obtained by coating well-mixed slurry on a
copper foil and dried at 80 °C under vacuum for 24 h.
The slurry was prepared by scattering 80 wt% active
powders material, 10 wt% carbon black and 10 wt%
binder in pure water. The weight ratio of 3:2 for
butadiene styrene rubber and carboxymethyl cellu-
lose was used as the binder.

The charge/discharge tests were performed on a
LAND CT2001A battery test system at 25 °C. The
charge/discharge method to evaluate cycling per-
formance was conducted as follows: the cell firstly
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was discharged to 0.01 V at current density of
100 mA g, then discharged to 0.005 V at low cur-
rent density of 10 mA g~' and finally charged to
1.5 V at current density of 100 mA g~ '. The high-rate
discharge ability was tested at current density for 100,
200, 400, 800, 1200, 1600 and 2000 mA g~ ' after the
cell has been activated for 10 cycles with the charge/
discharge method mentioned above. Cyclic voltam-
metry (CV) and impedance spectroscopy (EIS) were
conducted on the Solartron 1287 electrochemical
workstation. The scan rate of CV is 0.1 mV s~ with a
voltage range from 1.5 to 0.005 V, and the frequency
range of EIS is from 100 kHz to 10 mHz.

Results and discussion

The SEM images of G@Si composite and G@Si@C
composite are shown in Fig. 1. It can be found that
the nano-Si powders are evenly distributed on the
surface of graphite as shown in Fig. 1b, c. After
asphalt carbon coating, the nano-Si powders are
firmly pinned on the graphite surface without bare-
ness, as shown in Fig. 1d. Energy-dispersive X-ray
spectroscopy of G@Si@C composite is shown in
Fig. 1e, and it can be found that silicon is carried on
the carbon base. The specific surface area of nano-5i,
graphite, G@Si composite and G@Si@C composite is
shown in Table 1. It can be found that the specific
surface area of G@Si composite is 5.57 m* g~', but the
specific surface area obviously decreases after asphalt
carbon coating G@Si@C composite is only
219 m* g~ !, which is close to graphite with
1.81 m? g~ L.

The TEM image in Fig. 2a displays that the nano-Si
powders are spherical nanoparticles and the nano-Si
particles are interspersed on the graphite in G@Si
composite as shown in Fig. 2b. Figure 2c and d rep-
resents that a carbon layer is formed on the surface of
the nano-5i particle and graphite, which is helpful to
release volume expansion during the insertion of
lithium-ion and enhance electrical conductivity. The
selected area electron diffraction (SAED) image of
single nano-Si particle in Fig. 2d shows that the nano-
Si particle is monocrystal, and the electron diffraction
spots of Si (111), Si (220) and Si (311) are presented in
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the figure. As shown in Fig. 3h, the SAED image of
G@Si@C composite manifests the monocrystal elec-
tron diffraction spots of nano-Si particle and poly-
crystalline electron diffraction ring C (002) and C
(004) of graphite [25].

The X-ray diffraction with copper Ka radiation was
used to analyze the structural characteristic of nano-
5i, graphite and G@Si@C composite. As presented in
Fig. 3a, the peaks at 26.4°, 42.2°, 44.4°, 54.5°, 59.7° and
77.2° are assigned to the lattice planes (002), (100),
(101), (004), (103) and (110)of graphite(cubic phase:
JCPDS# 041-487), and the peaks at 28.4°, 47.3°, 56.1°,
69.1° and 76.4° correspond to the lattice planes (111),
(220), (311), (400) and (331) for silicon(cubic pha-
se:JCPDS# 00-027-1402) [30, 32-34]. Compared to
nano-Si and graphite, SiC or SiO, are not observed in
G@Si@C composite, which means that there is no
production of those compounds during the synthesis
processes [34, 35]. According to the main peak at
20 = 28.4°, the crystalline diameter of nano-Si pow-
ders can be calculated using the Scherrer equation as
follows [36]:

0.91
~ Bxcosl (m)

where d is the crystal size of synthesized silicon, 4 is
the wavelength of the X-ray diffraction, and f is the
full-width at half-maximum peak (FWHM) of the
XRD pattern. It can be calculated that the crystalline
diameter value of nano-Si powders is 49 nm. The
results of TEM confirm that the nano-5i powders are
spherical monocrystalline particles, so the average
particle size of nano-Si powders is 49 nm.

The Raman spectrum of nano-Si, graphite and
G@Si@C composite is further employed to determine
the structure as shown in Fig. 3c. The sharp peaks
around 512 cm™! and 905 cm ™' are assigned to the
crystalline silicon [31, 36, 37]. The peaks at 1343 cm ™"
and 1578 cm™' correspond to amorphous carbon
band sp® of the D band (disordered structure) and
graphitic carbon sp” of the G band (ordered struc-
ture), respectively [30, 31, 38]. The value of Ip/I¢ is
used to evaluate the degree of graphitization. Gra-
phite displays high Ip/Ig (0.18), which means that the
graphite has a high degree of graphitization.

Table 1 The specific surface area of nano-Si, graphite, G@Si composite and G@Si@C composite

Sample Nano-Si

BET surface area (m” g™ ')

Graphite
41.07 1.81

G@Si composite G@Si@C composite
5.57 2.19
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Figure 2 TEM images of a nano-Si, b G@Si composite and c-d G@Si@C composite; the SAED images of c¢—f nano-Si and g—
h G@Si@C composite.

Figure 3 a XRD pattern of 2500
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However, the value of Ip/Ig in G@Si@C composite
increases to 0.67, indicating the asphalt carbon is
disorder structure.

In order to confirm the silicon content in G@Si@C
composite, the thermal gravimetric analysis was
performed from room temperature to 1100 °C with a
heating rate of 10 °C min~' in air atmosphere. As
shown in Fig. 3d, the weight of nano-5i increases to
132.75% since the silicon is oxidized to silicon oxide,
while the weight of G@Si@C composite decreases to
12.79% because of the combustion of asphalt carbon
and graphite [20]. According to the results of TGA,
the silicon content in G@Si@C composite is approxi-
mately calculated to be 9.63% (12.79/132.75%), which
is roughly close to the proportion of the original
nano-Si input in the synthesis process.

The cycling performance of nano-5i, graphite, G@Si
composite and G@Si@C composite is shown in
Fig. 4a. The initial discharge/charge capacities of
nano-Si are 3519.4 and 2063.7 mAh g~' with initial
coulombic efficiency of 58.6%, respectively. After 400
cycles, the reversible capacity of nano-Si is only
43.4 mAh g~!, which is mainly due to the volume
expansion leading to the loss of electrical contact of
nano-Si particle and destroying the electrode struc-
ture [39]. The initial discharge/charge capacities of
graphite are 355.1 and 334.4 mAh g~! with an initial
coulombic efficiency of 94.2%, respectively. The
reversible capacity at 400th cycle is 337.7 mAh g™,
and the cycle life is very stable. For the G@Si com-
posite, the initial discharge/charge capacities are
636.1 and 566.0 mAh g~ with an initial coulombic
efficiency of 89.0%, respectively. The reversible
capacity at the 400th cycle is 421.2 mAh g~ !, and the
capacity retention is 74.4%. Because the graphite can
relieve the volume expansion of nano-Si, the cyclic
life of G@Si composite is improved compared to pure
nano-Si electrode [40-43]. After asphalt carbon coat-
ing, the initial discharge/charge capacities of
G@Si@C composite are 574.4 and 502.5 mAh g~
with an initial coulombic efficiency of 87.5%,
respectively. The existence of amorphous carbon
leads to little loss of initial coulombic efficiency.
However, the asphalt carbon layer can firmly pin the
nano-Si particles on the surface of graphite, protect
active materials from pulverization and stabilize SEI
films [43]. The capacity retention of G@Si@C com-
posite after 400 cycles is 83.4%, and the cycle life is
signally improved compared to G@Si composite.
Figure 4b shows the high-rate discharge capacity of
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graphite, G@Si composite and G@Si@C composite,
and it can be found that the addition of nano-Si is
benefit to improve the high-rate discharge ability.
Furthermore, asphalt carbon layer can further
enhance the electrical conductivity, so the high-rate
discharge ability of G@Si@C composite is superior.
The first charge/discharge curves of nano-Si, gra-
phite, G@Si composite and G@Si@C composite are
shown in Fig. 4c, the discharge/charge curves of
nano-Si electrode show a discharge voltage plateau
around 0.1 V, corresponding to the formation of
lithium-silicon alloys, and the charge voltage plateau
gradually rises to 0.5 V, corresponding to the dein-
tercalation of lithium ion from lithium-silicon alloy.
Compared to charging curve of graphite, there are
double charge voltage plateau in G@Si composite and
G@Si@C composite because of the different lithium
deintercalation voltage of graphite and silicon [44].
The discharge/charge curves at different cycle of
G@Si composite and G@Si@C composite are shown
in Fig. 4d and e. The consistency of discharge/charge
curves for G@Si@C composite is better than for G@Si
composite, which is mainly because the asphalt car-
bon layer can effectively relieve the volume expan-
sion and fix nano-Si on the surface of graphite,
helping to maintain the perfect electrode structure.

The scanning electron microscope and energy-dis-
persive X-ray spectroscopy were used to further
investigate the electrode structural stability and SEI
films of G@Si composite and G@Si@C composite
electrodes after 400 cycles. Figure 5a and b shows the
SEM images of G@Si composite and G@Si@C com-
posite electrodes, respectively. There are distinctly
discernible fractures in the G@Si composite and
G@Si@C composite electrodes. The fracture in
G@Si@C composite electrode is suppressed, since
asphalt carbon layer is beneficial to relieve the elec-
trode expansion. The C, Si, O and F element mapping
is presented in Fig. 5c and d; the O and F element
mapping of G@Si@C composite electrode is obvi-
ously less than that of G@Si composite electrode,
indicating that the carbon layer stabilizes the SEI
films and reduces the forming of SEI films.

The cyclic voltammetry tests with a voltage range
from 0.005 to 1.5 V at a scanning rate of 0.1 mV s~
were conducted to research the electrochemical
behavior of nano-Si, graphite, G@Si composite and
G@Si@C composite electrodes, and the initial five-
cycle CV curves were displayed in Fig. 6. The CV
curves of nano-Si are presented in Fig. 6a. There is a
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Figure 5 SEM images of

a G@Si composite and

b G@Si@C composite
electrodes after 400 cycles;
EDS mapping of ¢ G@Si
composite and d G@Si@C
composite electrodes after 400
cycles.

sharp cathodic peak 0.1V, corresponding to the
lithiation of crystalline silicon [22]. However, there
are two peaks at about 0.2 V and below 0.1 V in the
later cycles because of the transformation from crys-
talline silicon into amorphization silicon after first
lithiation [45-47]. In the anodic scan, there are two
strong oxidation peaks at 0.31 and 0.50 V, which are
ascribed to the reversible dealloying process of Li,Si
alloy. Compared with the CV curves of nano-5i,
graphite, G@Si composite and G@Si@C composite
electrodes, it can be found that the CV curves of
graphite electrode exhibit a good overlap after the
first cycle activation, indicating a stable cyclic per-
formance. Moreover, the CV curves of G@Si@C
composite electrode have a smaller change than those
of the nano-Si and G@Si composite electrodes, which

indicates that the cycle performance of G@Si@C
composite is better than that of nano-Si and G@Si
composite. The result is consistent with variation of
the cycle performance.

The electrochemical impedance spectra of G@Si
composite and G@Si@C composite electrodes after
10, 20, 30 and 40 cycles are fitted by equivalent circuit
to further investigate the electrode structure change,
which are shown in Fig. 7, and the fitting result is
listed in Table 2. In the equivalent circuit, The R, is
relative to contact resistance, which responds to the
contact situation of active material particles [30]. It
can be found that the values of R, for G@Si composite
and G@Si@C composite electrodes gradually increase
with increasing the cycle number, which indicates
that the contact of active material particles becomes
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Figure 6 CV curves of a nano-Si, b graphite, ¢ G@Si composite and d G@Si@C composite electrodes at a scanning rate of 0.1 mV s

weak because of the reduplicative volume change.
However, the value of Ry for G@Si@C composite
electrode is less than for G@Si composite electrode,
since the carbon layer can relieve the volume change.
Furthermore, the first semicircle in high-frequency
part corresponds to the variation of the SEI films (Ry)
[48, 49]. The value of R; for G@Si composite electrode
is obviously increasing with increasing the cycle
number, indicating that the exposed nano-Si particles
on the surface are easy to form the unstable films,
while the R; value of G@Si@C composite electrode is
slightly variable from 20 cycles to 40 cycles, which is
due to that the carbon layer on the surface is helpful
to form stable films. The less volume change and
stable SEI films of G@Si@C composite electrode can
help to maintain perfect electrode structure, so the
cycle performance of G@Si@C composite is superior
to G@Si composite. The semicircle in middle-fre-
quency part is corresponding to the charge transfer
resistance (R.) on the electrode-electrolyte interface
[30, 31]. It can be found that the semicircle of G@Si
composite electrode is divided into two semicircles,
which are relative to the charge transfer resistance of
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graphite (R.;) and nano-Si (Rup), respectively. The
graphite particles are pulverized with the increase in
cycle numbers, which is benefit to improve charge
transfer area leading to the R.y; value decreases, the
unstable SEI films are constantly forming on the
surface of nano-Si, so the R, value gradually
increases. Because carbon layer combines graphite
and nano-Si as an integral particle, there is only a
charge transfer semicircle for G@Si@C composite
electrode. The R value corresponding to the semi-
circle diminishes with the increase in cycle numbers,
indicating that the particles also have pulverization.
But the variation of R value for G@Si@C composite
electrode is much less than for G@Si composite
electrode, which means that the carbon layer can
protect the particle from pulverization to improve
cycle performance. Moreover, the less R. value of
G@Si@C composite electrode means better charge
transfer than that of G@Si composite electrode. The
straight line in the low-frequency region is respond-
ing to lithium-ion diffusion behavior in the electrode,
the fitting slope between Z' and o '/? in low-fre-
quency region is listed in Table 2. The facile slope
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Table 2 Kinetic parameters of

G@Si composite and Sample Cycle number Rs (©) Re () R (Q) R () Slope
C{@tsrl?c Cgmpg.sf';e . G@Si composite 10 3.64 176 2233 17.95 3.52
eecl odes atter drferen 20 425 2.45 16.84 21.64 3.33
cyeles 30 4.66 3.02 14.20 22.43 3.63
40 4.99 3.53 12.43 24.93 3.74

Sample Cycle number Rs (©) Rs () R () Slope
G@Si@C 10 2.46 2.33 15.69 1.60
composite 20 3.04 2.80 14.92 1.84
30 3.15 2.81 14.42 4.07
40 3.34 2.83 13.88 452

means the fast lithium-ion diffusion kinetics inside
the electrode [50]. The carbon layer improves the
charge transfer, which is benefit to lithium-ion dif-
fusion behavior in the electrode, so the slope of
G@Si@C composite electrode at 10th and 20th cycle is
lower than G@Si composite electrode. The SEI film

impedes lithium-ion diffusion behavior in the elec-
trode, so the slope rises with the increase in cycle
number. The electrochemistry kinetic performance
charge transfer and lithium-ion diffusion ability
decide the high-rate discharge ability. The G@Si@C
composite electrode shows preferable

@ Springer
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electrochemistry kinetic performance, which is in
accordance with the fine high-rate discharge ability.

Conclusions

The G@Si composite precursor has been obtained by
an industrial spray drying method. The core-shell
asphalt-carbon-coated G@Si@C composite has been
successfully prepared by fast fusing an asphalt layer
formed on the surface of G@Si composite precursor
and carbonizing at 1100 °C for 2 h. A carbon layer on
the surface of G@Si@C composite and the nano-Si
particle is pinned on the graphite surface without
bareness. The initial reversible charge capacity and
coulombic efficiency of G@Si@C composite are
502.5 mAh g~' and 87.5%, respectively, with the
charge capacity retention of 83.4% after 400 cycles.
The carbon layer can relieve volume change and
stable SEI film. Moreover, the particle pulverization
can also be inhibited, which is benefit to improve the
cycle performance. The carbon layer can enhance the
electrical conductivity and the electrochemical
kinetics of G@Si@C composite, so the high-rate dis-
charge ability is superior.
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