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It is essential to consider the controllable microstructure of soft carbon and its enhancement effect on the
electrochemical performance of silicon (Si) active materials. In this study, a series of Si@mesocarbon
microbead (Si@MCMB) composites were prepared using mesophase pitch as the soft carbon source to
coat nano-Si. The results showed that the ordered carbon layer stacking of soft carbon increased slightly
with increasing heat treatment temperature in the range of 800-1400 °C. The Si@MCMB composites at
higher temperature had a turbostratic carbon layer texture with rich porosity and smaller specific surface
area, and had good cycle stability and high rate performance. These results highlighted that the co-
existing structure of turbostratic carbon arrays with abundant porosity from soft carbon, provided the
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stability. Importantly, the relationship between the capacity retention rate of the Si@MCMB anodes and

DOI: 10.1035/d2ra01997c the microstructural characteristics (carbon layer and porosity) of soft carbon was established, which
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1. Introduction

Lithium-ion batteries (LIBs) are one of the development direc-
tions of new energy technologies. Si/C composites represent
some of the most promising anode materials to break through
the application bottleneck of high specific energy LIBs." The
properties of active Si particles have higher requirements of
carbon composition, so the design of carbon structures has
become a research hotspot in the area of Si/C anode materials.>?
Soft carbon contains controllable disorder and graphitic
regions, endowing a high storage capacity and good cycling
stability, and is one of the most promising carbon materials
used in Si/C anodes.* The main technical problem is that it is
difficult to control the microstructure of soft carbon and its
influence on the electrochemical behavior of active Si particles
is not clear.>® Although challenging, it is vital to understand
how the controllable microstructure of soft carbon efficiently
improves the electrochemical performance of Si/C composite
anodes.

Mesophase pitch as soft carbon contains ordered graphite
regions with controllable crystallinity, which imparts excellent
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provided effective guidance for the design of high-performance silicon/carbon (Si/C) anode materials.

electron transfer properties and structural elasticity to improve
electrochemical performance.”® Firstly, the streamlined carbon
arrays of mesophase pitch after carbonization have moderately
expanded layer spacing, enabling them to have better rate
performance than hard carbons and conventional graphite
anodes.”' Additionally, compared with hard carbon, the pores
and defects of mesophase pitch can be easily adjusted by the
heat treatment temperature to achieve a reasonable compro-
mise between ion diffusion and electrolyte compatibility. Its
relatively dense structure tends to result in higher vibration
density and volumetric energy density.'>** In particular, the
microstructure of mesophase pitch is greatly affected by the
heat treatment temperature, which is a potential method for
optimizing the electrochemical performance of active Si and
needs to be further explored.” However, a clear correlation
between the order degree of mesophase pitch as soft carbon and
the corresponding lithium storage at a carbonization tempera-
ture of 1000-1400 °C is still elusive, and the enhancement effect
of microstructure on the electrochemical behavior of active Si is
not clear.

Here, we synthesized a series of Si/C composites with
a regularly adjusted microstructure through the gradual
carbonization of mesophase pitch as soft carbon from 800 to
1400 °C. The lithium storage behavior and related structural
stability of soft carbon and the enhancement effect of its
microstructure on the electrochemical behavior of active Si were
studied using the prepared materials. Based on our previous
report,™ this study further focused on the design of the tur-
bostratic carbon layer arrays and pore structure of soft carbon
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by finely adjusting the heat treatment temperature. The corre-
lation between the microstructural characteristics of soft
carbon and the electrochemical behavior of Si/C composites
was systematically explored.

2. Experimental
2.1 Synthesis of Si@aMCMB

The coal-based mesophase pitch (CMP) was prepared from coal
tar pitch in our laboratory and its properties are listed in Tables
S1 and S2.f Nano-Si particles with an average diameter of
100 nm were purchased from Gexin Nano Technology Co., Ltd,
Shanghai, China. The CMP and nano-Si (100 nm) in a mass ratio
of 100 : 15 to obtain a Si/CMP composite in a tube furnace at
400 °C for 2 h. Si/CMP mixture and silicone oil in a mass ratio of
1:100 were sealed off in a stainless-steel reactor at 300 °C for
1 h and the reactor was then rapidly cooled to room tempera-
ture. The Si@MCMB composites was separated by centrifuga-
tion, washed with petroleum ether until colorless and then
dried at 80 °C in a vacuum for 12 h. Finally, the Si@MCMB
composites were obtained by pre-oxidation at 300 °C in air for
1 h and carbonized from 800 to 1400 °C for 2 h in an argon
atmosphere before being labeled as Si@MCMB-8, Si@MCMB-
10, Si@MCMB-12, Si@MCMB-13 and Si@MCMB-14, respec-
tively. Similarly, the MCMB samples with different heat treat-
ment temperatures from 800 to 1400 °C were labeled as MCMB-
8, MCMB-10, MCMB-12, MCMB-13 and MCMB-14, respectively.

2.2 Materials characterization

The morphology of the samples was observed by scanning
electron microscopy (SEM). Carbonized samples
embedded in a thermosetting resin, which was then cut with
a sharp scalpel after curing, allowing for observation of the
internal structure of the samples through their cross section by
SEM and energy-dispersive X-ray spectroscopy (EDS). The crystal
structures of the samples were examined using X-ray diffraction
(XRD) with Cu-Ka radiation. The graphitization degrees of the
different samples were analyzed using a LabRAM HR Raman
spectrometer. The Si content in samples was obtained by ther-
mogravimetric analysis (TGA) operated from 30 to 900 °C at
a heating rate of 10 °C min~"' under an air atmosphere. The
specific surface area was determined according to the Bru-
nauer-Emmett-Teller (BET) method and the pore size distri-
bution was derived from the Barrett-Joyner-Halenda model
using an ASAP2020HD88 apparatus (USA).

were

2.3 Electrochemical performance evaluation

The electrochemical performance of the Si@MCMB composites
was evaluated using coin-type half cells, with lithium foil as
a counter electrode. The anode materials were fabricated by
mixing the active materials, acetylene black and poly(vinylidene
fluoride) in a mass ratio of 8 : 1 : 1 by ball milling at 150 rpm for
2 h. Then, the copper foil after coating was dried at 100 °C for
12 h under a vacuum, and punched into a circular electrode
with a diameter of 14 mm as the working electrode. A poly-
propylene film (Celgard 2400) was utilized as the separator, and
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a solution of LiPF, (1.0 mol L") in dimethyl carbonate and
ethylene carbonate (mass ratio 1 : 1) was treated as electrolyte. A
LAND battery testing system was used to measure the cycling
and rate performance of the anodes. Cyclic voltammetry (CV)
was carried out using an electrochemical workstation
(CHI660E, CH Instruments, China) at a scan rate of 0.1 mV s~ "
from 0.01 to 3.0 V. Electrochemical impedance spectroscopy
(EIS) was conducted in a frequency range from 100 kHz to
0.01 Hz.

3. Results and discussion
3.1 Structural characteristics

The morphology and cross section of the Si@MCMB composites
were identified by SEM (Fig. 1 and S1t). The Si@MCMB
composite particles were uniform in size and uniformly
dispersed, as shown in Fig. S1. Fig. 1 shows that the Si@MCMB
composites exhibited a near-spherical structure with a diameter
of 30-40 pm and the nano-Si particles were well embedded in
the cross section of the Si@MCMB composites. Furthermore,
the elemental mapping images in Fig. S2t also suggested that
the nano-Si particles were well encapsulated in MCMB. With
increasing heat treatment temperature, the cross sections of
Si@MCMB gradually showed different degrees of laminar
cracking and shrinkage, which may be due to the volatilization
of the light components of MCMB or the polymerization and
rearrangement of the carbon layers.” Mesophase pitch forms
a curved carbon layer stacked structure under high-temperature
carbonization and the external nano-Si particles may cause
distortion and gap in the carbon layer texture.'*'®* Moreover, the
Si@MCMB composites showed an ordered carbon layer texture
and abundant void space, which may provide efficient transport
channels for electrons and lithium ions and accommodate the
volume change of Si.****

As shown in Fig. 2a, five distinct diffraction peaks at 28.5°,
47.2°, 56.2°, 69.2° and 76.3° could be observed, which are
assigned to the (111), (220), (311), (400) and (331) planes of Si
(JCPDS 27-1402), respectively. In addition, the weak peak at 25°
could be attributed to the (002) plane of the carbon materials.>*
It is noteworthy that the formation of major impurities such as
SiC and SiO, species in SiI@MCMB-13 was mainly ascribed to

10pm§

Fig.1 SEM images of morphology and cross sections: Si@MCMB-8 (a
and e); SI@MCMB-10 (b and f); Si@MCMB-12 (c and g); Si@MCMB-13 (d
and h).
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the carbon and oxygen element of mesophase pitch (Fig. S47).
The inert SiC and SiO, seriously affected the transfer of electron
ions between the Si core and carbon shell, as confirmed in the
subsequent electrochemical performance. As listed in Table 1,
the carbon structure parameters could be calculated from XRD.*
The Si@MCMB composites showed a decrease in the interlayer
spacing (dm,) and an increase in the crystallite sizes (L, and L)
with the heat treatment temperature increasing from 800 to
1300 °C. The presence of a strong peak at 1350 cm™* and a weak
peak at 1605 cm™ " in Fig. 2b were recognized as the disorder D
band and graphitic G band of the carbon materials, respectively.
It is well-known that the intensity ratio (Ip/I) is used to reflect the
order degree of carbon materials.*® The I/I; values were calcu-
lated to be 1.156, 1.131, 1.086 and 1.067 for SI@MCMB-8, Si@
MCMB-10, Si@MCMB-12 and Si@MCMB-13, respectively, as lis-
ted in Table 1. It can be found that the carbon layer order degree
of the latter two was obviously better than for the former two.

The Si contents in Si@MCMB composites were measured by
TGA, as shown in Fig. S3.1>* The Si contents in Si@MCMB-8,
Si@MCMB-10, Si@MCMB-12 and Si@MCMB-13 were esti-
mated as 15.8 wt%, 16.1 wt%, 16.4 wt% and 16.8 wt%, respec-
tively. In contrast, the weight loss of Si@MCMB-8 and
Si@MCMB-10 started at 500 °C and that of SI@QMCMB-12 and
Si@MCMB-13 started at 650 °C, which also indicated the escape
of the light components in the latter two by carbonization at the
higher temperature.

The N, adsorption-desorption isotherm and pore-size distri-
bution curves of the Si@MCMB composites are shown in Fig. 3.
Interestingly, with the heat treatment temperature increasing
from 800 to 1300 °C, the BET specific surface area showed
a decreasing trend while the total pore volume showed an
increasing trend, as presented in Table 1. This phenomenon may
be caused by the different number of pores in the Si@MCMB

Table 1 Structural parameters of Si@QMCMB composites

Si@MCMB-X 8 10 12 13
Interlayer spacing d,,,/nm 0.3551 0.3486  0.3472 0.3455
Crystallite sizes L,/nm 7.93 8.35 9.63 13.59
Stacking height L./nm 3.53 4.90 5.04 7.67
Disordered degree Ip/Ig 1.156 1.131 1.086 1.067
Sppr/m® g™ 31.069 20.419 9.884 8.454
Pore volume/em® g~* 0.015 0.018 0.023 0.038
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Fig. 3 N, adsorption—desorption isotherm (a) and pore-size distri-
bution curves (b) of SI@MCMB composites.

composites in the mesoporous and macroporous areas, respec-
tively. Compared to the values of 31.069 m*> g ' and 0.015 cm?
g " of SI@MCMB-8, the BET specific surface area (Sgpr) and pore
volume of SI@MCMB-13 were 8.454 m> g~ * and 0.038 cm® g~ %,
respectively. Generally, when the heat treatment temperature was
less than 1000 °C, the oxygen in the form of CO, and CO and light
components escaped to form part of the pores. Concomitantly,
above 1000 °C, the H, release and carbon layer rearrangement of
the mesophase pitch form a turbostratic carbon layer structure
and created pores.>**® Notably, the changes in pore distribution
and carbon texture affected the lithium storage process and
channels, and the aromatic ring compound and heteroatoms
affected the active point of lithium storage.*>*

Furthermore, the structure parameter of carbon layers and
hierarchical porosity about Si@MCMB composites was listed in
Table 1. The reasonable design of the porosity in the carbon
matrix is beneficial for improving the electrochemical perfor-
mance of Si/C electrodes, which provided efficient active sites
and electron/ion diffusion paths.?®* This differential determi-
nation of the Si@MCMB composites may reflect their different
electrochemical properties.

3.2 Electrochemical performance

Fig. 4 show the charge/discharge curves for the Si@MCMB
composites. In the initial cycle, the Si@MCMB anodes had
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Fig. 4 Charge/discharge curves of the Si@MCMB composites.
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discharge capacities of 841.5, 712.2, 674.7 and 495.7 mA h g™ '
for Si@MCMB-8, SI@MCMB-10, Si@MCMB-12 and Si@ MCMB-
13, accompanied by initial coulombic efficiencies (ICEs) of
78.92%, 81.47%, 82.04% and 83.67%, respectively. In the first
discharge, the smooth inclined line between 1.2 and 0.2 V
corresponded to the SEI formation and lithium insertion in the
carbon layers.*® The flat plateau at ~0.15 V in the discharge
process was assigned to the Li,Si alloying reaction. The long
plateau at ~0.4 V in the charge process originated from the Li-
ion extraction.'®** The irreversible capacity loss of the first two
Si@MCMB anodes was mainly caused by the large specific
surface area, aromatic heteroatoms and carbon layer structure,
which caused the formation process of the SEI to consume too
much lithium. In contrast, the last two Si@MCMB anodes had
smaller surface areas, fewer aromatic heteroatoms and abun-
dant pore channels and thus their first coulombic efficiency was
slightly better.

As shown in Fig. 5, the significant plateau of the Si@MCMB
composites in the charging process at 0.3-0.5 V originated
from the reversible Li,Si delithiation process.*»** There was an
evident peak at ~0.2 V in the discharge process, which was
assigned to the Li,Si alloying reaction. It was notable that the
intensities of both the anodic and cathodic peaks gradually
increased with further cycles, possibly due to the gradual
activation process.” In comparison, the two relatively weak
oxidation peaks at ~0.12 and 1.0 V could be attributed to Li-
ion delithiation through stacked carbon layers, desorption
from microvoids or structural defects in the carbon matrix,
and reactions between Li ions and heteroatomic functional
groups, respectively.*»** Furthermore, the distinct enhance-
ment peak near 0 V for each Si@MCMB composite was asso-
ciated with the reversible intercalation of Li ions into the
stacked carbon layers and the structural defects in the form of
nanopores and heteroatomic functional groups.** During the
first cathode scanning process of each Si@MCMB composite,
there was an irreversible reduction peak of the first cycles at
0.6-0.8 V, which was associated with the formation of an SEI
on the electrode surface.?*?®
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Fig. 5 CV curves of SiaMCMB composites.
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As shown in Fig. 6a, the MCMB composites showed similar
charge-discharge performance, which was consistent with the
cycling performance (Fig. S5t). It was noted that the initial
discharge capacity decreased gradually from MCMB-8 to
MCMB-13 (Table S31) and this was attributed to the change in
the carbon layer stacked microstructure caused by the heat
treatment temperature. MCMB-8 anode, as a hydrogen-
containing disordered soft carbon, showed a larger initial
specific capacity, but the subsequent irreversible capacity was
presumably caused by the collapse of the carbon structure and
the imperfect structure of the pores.*” Furthermore, the
Si@MCMB composites showed significant differences in irre-
versible capacity, with Si@MCMB-12 and Si@MCMB-13
showing relatively small losses (Table 2). This may be
explained by the fact that the Si@MCMB-8 and Si@MCMB-10
composites had relatively larger specific surface areas, smaller
pore volumes and a narrow pore distribution at ~50 nm (Tables
1 and S31), which may cause the generation of the SEI and
microporous lithium storage to consume too much lithium,
resulting in a large irreversible capacity. This was also verified
by the CV curves (Fig. 5).

As shown in Fig. 6b, the discharge capacity of the Si@MCMB-
12 anode was up to 421.1 mA h g~ ! after 200 cycles, which was
higher than that of the Si@MCMB-8 anode (260.2 mAh g~ ") and
Si@MCMB-10 anode (367.0 mA h g ') under the same condi-
tions. The capacity retention rate of the Si@MCMB anodes from
800 to 1300 °C showed a different tendency in decrease after 200
cycles, exhibiting 39.18%, 63.25%, 76.08% and 93.20%,
respectively (Fig. 6¢c and Table 2). Fig. 6d shows that the
Si@MCMB-12 and Si@MCMB-13 anodes had better rate
performance than Si@MCMB-8 and Si@MCMB-10, exhibiting
high capacities at current densities of 0.2, 0.4, 0.8, 1.6 and
3.2 A g7', respectively. Furthermore, Si@MCMB-12 and
Si@MCMB-13 had relatively smaller specific surface areas,
abundant carbon layers stacked and pore volume distribution,
which provided better conditions for SEI generation and
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Table 2 Electrochemical performance data for Si@MCMB anodes

Si@MCMB-X anodes 8 10 12 13
Reversible capacity/mA h g* 664.1  580.2  553.5 414.7
Irreversible capacity/mA h g—* 177.4 132 121.2 81.0
ICE/% 78.92 81.47 82.04 83.67
Capacity after 200 cycles/mAh g™ ' 260.2 367 4211 386.5
Capacity retention rate/% 39.18 63.25 76.08  93.20

electron/ion channels.”** In addition, the abundant pore
volume distribution was beneficial to buffer the volume change
of the Si alloying process, ensuring the mechanical stability of
the anodes. Therefore, the Si@MCMB-12 and Si@MCMB-13
anodes showed good cycling and rate properties, as listed in
Tables 1 and 2.

The first CV curves and EIS plots of the Si@MCMB anodes
are illustrated in Fig. 7. By comparing the first CV curves of the
Si@MCMB anodes, it could be found that the cathodic and
anodic peaks become weaker with the heat treatment temper-
ature from 800 to 1300 °C, while the charge transfer resistance
(Rt) was gradually increased in the EIS plots (Table S47). This
phenomenon was attributed to Si@MCMB-8 and Si@MCMB-10
having larger specific surface areas, pore-size distribution (~50
nm) and high interlayer spacing with poor order degree struc-
tures, which were all conducive to the contact between the
electrode surface and the electrolyte and even lithium-ion
diffusion.® In contrast, the larger impedance of the
Si@MCMB-12 and Si@MCMB-13 anodes may be attributed to
the close packing of the electrode materials, small specific
surface areas and pore-size distribution (<30 and >60 nm,
respectively). The relatively weak alloying process may be
caused by the poor contact conductivity of the coated carbon
parent and the contact points about the silicon-carbon inter-
face decrease because of the increased disorder of the carbon
layer.*>** Therefore, it was noteworthy that Si@MCMB-12 and
Si@MCMB-13 anodes still showed good cyclic stability and high
rate performance, probably due to the enhancement effect of
structural stability, pore distribution and carbon layer struc-
ture, which offset the negative factors of higher impedance and
weaker alloying.

The relationship between the electrochemical performance
and structural characteristics for the Si@MCMB composites
was further analyzed. SEM images revealed the morphological
changes of the Si@MCMB anodes (mass loading 1.1 mg cm™?)
after 200 cycles (Fig. 8). The apparent morphology of the
Si@QMCMB-12 and Si@MCMB-13 anodes had a smoother
surface with fewer cracks in their electrode coating, indicating
that the anode structures maybe still maintain relative integrity
after 200 cycles.>*** Significantly, the good structural integrity
and stability was attributed to the turbostratic carbon layer
structure and pore volume buffer space, which might facilitate
the diffusion of electrolyte ions and alleviate the volume change
of active Si particles during the lithium storage process.*

Based on the above results, the improved cycling stability
and excellent rate performance of the Si@MCMB-12 and
Si@MCMB-13 anodes may be attributed to the turbostratic
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Fig.8 SEMimages of Si@aMCMB-8 (a), SiaMCMB-10 (b), SiaMCMB-12
(c) and Si@MCMB-13 (d) anodes after 200 cycles at 0.2 A g~2.

carbon layer texture and pore volume buffer space. After 200
cycles, the capacity retention rate of the Si@MCMB composite
anodes had a positive correlation with porosity and carbon layer
order degree, while the specific surface area was the opposite, as
shown in Fig. 9. Firstly, the carbon layer spacing and void
volume could well accommodate the volume charge of Si during
charge and discharge. Secondly, the nano-Si particles were well

—B—BET Surface Area (m’g") —®=—1/(1,/1.) Carbon Order Degree —A— Pore Volume (cm’g")
35
Si@MCMB-13 -0.96
[ ! -0.040
304 A
Si@MCMB-12 ° - 0.94
-0.035
254
@ -0.92
20- Si@MCMB-10 ] -0.030
. Si@MCMB-8 -0.90 L 0.025
54 R A
0881 0.020
104 p A [
° / \_/l
A -0-86 | 0.015
S+— T T T T T
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Capacity retention (%)

Fig. 9 Correlation between capacity retention rate (at 0.2 A g~%) and
structural parameters of SI@QMCMB composites.
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embedded in the turbostratic carbon layer texture with good
order degree, which form an efficient conductive network
skeleton and ensure material integrity and stability. Finally, the
relatively smaller specific surface area and abundant void
volume improved together the stability of the SEI layer, thus
exhibiting high first coulomb efficiency. The next step and focus
of work would be to further improve the coating and embedding
rate and the content of nano-Si, so as to optimize the cyclic
stability and high specific capacity of the Si@MCMB anodes.

4. Conclusion

In this study, a series of Si@MCMB composites were adjusted by
heat treatment temperature in the range of 800-1400 °C using
mesophase pitch as soft carbon source. The Si@MCMB
composite anodes carbonized at a higher temperature had
a turbostratic carbon layer texture with ordered carbon layer
stacking, rich pore structure and smaller specific surface area,
which showed a good capacity retention rate. These results
suggested the co-existing structure of turbostratic carbon arrays
with abundant porosity from mesophase pith, effectively
improved the structural mechanical stability and the cycling
and rate performance of electrodes. Importantly, the controlled
strategy of adjusting the soft carbon microstructure by the heat
treatment temperature may be applied to high rate Si/C anode
materials.
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