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HIGHLIGHTS GRAPHICAL ABSTRACT

o Investigation of Si/C composite as
anode in lithium ion battery.

e The composite is synthesized by using
petroleum waste hydrocarbon resin as
carbon source.

e Significant discharge capacity (1402
mAhg 1) is achieved after 100 charge/
discharge cycles.

e Excellent electrochemical performance
due to the formation of C, SiOC/SiOx
layer over the Si.

e Si/C composite could be suitable to

replace conventional graphite anode. " e
ARTICLE INFO ABSTRACT
Keywords: We demonstrate impressive electrochemical performance of a silicon(Si)/carbon(C) composite prepared by
§i/C composite mixing an appropriate concentration of hydrocarbon resin, Si powder, and polyacrylic acid followed by a simple

Anode material
Lithium ion battery
Planetary ball-milling/heat treatment

ball milling process and heat treatment at temperatures ranging from 600°C to 900 °C. The Si/C composite
annealed at 700 °C achieved a significantly high discharge capacity (2291 mAh g~1) in the first cycle, very good
cyclic stability (1402 mAh g~! after 100 cycles), and excellent rate capability (1020 mAh g~! at 2C with a
retention of 95.5%). The composites annealed at high temperatures (800 °C and 900 °C) also displayed good
capacity (1330 mAh g™, 1340 mAh g!) after 100 cycles and high rate capability (676 mAh g~*, 619 mAh g~!
@20). indicating outstanding physical/chemical/structural stability of the composite that makes it a very suit-
able anode material in lithium ion batteries. The annealing temperature led to the formation of a C, SiOC/SiOx
layer over the Si, as observed through a microstructure analysis, and different degrees of oxidation of the Si were
observed using X-ray photoelectron spectroscopy. A detailed, comprehensive analysis of the structure/micro-
structure, bond vibrations, oxidation states of Si, and electrochemical performance is carried out.
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1. Introduction

Research to develop negative (anode) electrode materials in lithium
ion batteries (LIBs) is an emerging topic due to the large-scale produc-
tion/usage of consumer electronic devices, electronic appliances, and
medical devices (e.g. thermometer) and to meet the huge demand for
electric hybrid vehicles. The currently produced LIBs typically use
graphite (specific capacity = 372 mAh g™1) as the anode to run portable
electronic devices; however, for higher-end applications, it is essential to
develop anode materials with significantly higher capacity, excellent
cyclic stability, high energy density, and much better rate capabilities.
Recently, silicon (Si) has been at the forefront of the research [1-5] for
its possible application as an anode material in LIBs due to its distinct
theoretical capacity (4200 mAh g’l), which may be a suitable alterna-
tive for graphite (~372 mAh g’l) or metal oxide (~1000 mAh g’l)
[6-11] due to the added advantages of a low discharge voltage (~0.4 V
versus Li*/Li) and availability. However, excessive volume expansion
(~400%) is a major concern that leads to cracking and deterioration of
the electrode due to the significant growth of the solid electrolyte
interface (SEI) layer, as well as electrolyte decomposition that eventu-
ally affects the columbic efficiency, reduce electronic conductivity for
the ion transport, and causes capacity fading and cyclic stability. Efforts
have been undertaken to prepare Si nanoparticles [12], nanowires [13],
nanotubes [14], hollow nanospheres [15], and porous Si nanowires
[16], for which the electrochemical performance has been impressive
(3500 mAh ¢! after 20 cycles, ~3000 mAh g~! after 200 cycles).
Composites of Si with metal oxides [17], carbon [12,18-26], graphene
[27,28] and metal alloys [29-34] with Si have also been synthesized,
and the anode performance of the composite has been tested.

Si-C nanocomposites are of considerable interest since carbon is a
unique material with excellent electrical and mechanical properties that
enhances the electrical conductivity and the structural integrity of the
silicon anodes and thereby establishes effective electrical contact and
prevents SEI formation. In addition, carbonaceous materials may
generate additional lithium storage sites and can act as a buffer to
accommodate the volume expansion of Si without damaging the carbon
layer [12,18,23,35]. Pan et al. [23] synthesized a Si-C core shell
structure using an easy, scalable method, and the composite achieved
good capacity (804 mAh g~!) at a high rate (1 Ag™) after 50 cycles.
Similar core-shell structures have also been synthesized by Li et al. [35]
and Liu et al. [21], where the Si-C nanocomposites with void spaces up
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to tens of nanometers intended to accommodate the volume expansion
during lithiation led to good capacity retention (760 mAhg ' @1 Ag™?
after 100 cycles, 1500 mAh g~! @ 1C after 1000 cycles). Magasinski
et al. [20] used chemical vapor deposition (CVD) to prepare Si nano-
particles on the surface of carbon black nanoparticles, which were found
to have good capacity (~1600 mAh g !) after 100 cycles. Shao et al.
[22] prepared a nanostructured silicon/porous carbon spherical com-
posite using a simple hydrothermal method, where silicon nanoparticles
were coated with a porous carbon shell. The composite delivered satis-
factory capacity (1050 mA h g™1) at a very high current density (10 A
g~ 1). Synthesis of Si-C composites includes mixing of poly(styrene) (PS)
resin with Si using high energy ball milling [18], growth of carbon
nanotubes on Ni-P/Si particles by high temperature decomposition of
acetylene [19], and growth of Si nanoparticles on carbon black particles
using CVD [20]. Si-C core shell structures [21] are synthesized using a
room temperature solution method, where Si nanoparticles are first
coated with a SiO; sacrificial layer and subsequently with a polydop-
amine layer, the carbonization of which produces an N-doped C coating.
Subsequent removal of the SiO; layer with hydrofluoric acid (HF) leads
to the production of a yolk-shell Si@void@C structure. All these very
impressive results have inspired revisiting and carrying out further ex-
periments on Si/C composites.

Here, we demonstrate the use of hydrocarbon resin for the synthesis
of an Si-carbon composite prepared using planetary ball milling fol-
lowed by annealing at different temperatures (600°C-900 °C). The Si/C
composite annealed at 700 °C exhibited impressive discharge capacity
(1402 mAh g~ 1) after 100 charge/discharge cycles as well as high rate
capability (~1400 mAh g’1 @1C). Additionally, hydrocarbon resin re-
acts with highly reactive surface Si dangling bonds resulting from high-
energy mechanical milling [36,37], inducing the SiOx/SiOC formation,
in particular, at high annealing temperatures (>800 °C). An SiOx/SiOC
layer coated on Si further enhances the integrity of the Si/C composite
during charge/discharge cycles, resulting in excellent capacity retention
after 100 cycles.

2. Experimental procedure

The chemicals used for the synthesis of the CPC/Si composite
included hydrocarbon resin from petroleum waste (CPC Co) and high
energy mechanically-milled and wet-milled silicon powder (Si g w)
[38], polyacrylic acid (PAA, Sigma-Aldrich Co), and ethanol

SiOC/SiOy

Scheme 1. Procedure for preparing CPC-Si composite.
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Fig. 1. XRD spectra of (a) CPC resin, (b) CPC resin-900 °C, (c) silicon (Si), (d)
CPC/Si composite, (e¢) CPC/Si-700 °C, (f) CPC/Si-800 °C, and (g) CPC/Si-
900 °C. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

(Sigma-Aldrich Co). The chemical formula of the petroleum waste hy-
drocarbon resin and the composition derived from the crude oil as
declared by the vendor is C;76H1480, composed of C (92.5 wt%), H (6.0
wt%), O (0.6 wt%), N (0.05 wt%) and S (0.3 wt%). In a typical pro-
cedure, the powders were prepared by mixing 45 wt% CPC resin, 45 wt
% silicon powders, and 10 wt% poly acrylic acid. The powder mixture
was then subjected to solid-state ball milling in a planetary mixer (power
Mixer-S, Chia Mey Machinery Co.) at 800 rpm for 60 min followed by
the addition of 95 wt% ethanol for wet milling at 800 rpm for 60 min.
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The composite was dried in an oven at 90 °C for 6 h and annealed at
different temperatures (600°C-900 °C) for 2 h in an argon atmosphere.
The synthesis procedure is described by a schematic diagram (Scheme

1).
2.1. Characterization of the CPC/Si composite

X-ray diffraction (Bruker AXS Gmbh, Karlsruhe, Germany) was used
to determine the crystallinity and crystallographic structure of the CPC
resin and CPC/Si composite using Cu Ka radiation at an angular speed of
3° (20)/min with 20 from 5° to 80°. The microstructure was observed
using high-resolution field emission scanning electron microscopy (HR-
FESEM) and ultrahigh resolution analytical electron spectroscopy (HR-
AEM). Variations in the oxygen-containing CPC/Si composite functional
group were confirmed using Raman and FTIR spectrometry. The energy
levels of the carbon and silicon in the CPC/Si composite were confirmed
with an electron spectroscopy chemical analysis (ESCA).

2.2. Electrochemical analysis

The slurry was prepared by combining the solid components as 65 wt
% active materials, 20 wt% Super P (MMM Carbon, Belgium), 9 wt%
poly (acrylic acid) (PAA, Sigma-Aldrich Co.), 3.5 wt% styrene butadiene
rubber (SBR, Zeon Co.), and 2.5 wt% carboxymethyl cellulose (CMC,
Sigma-Aldrich Co.). Mixing was performed in a planetary mixer (G-
Mixer 400S, Gold Max Applied Materials Co.). The electrodes were
prepared by casting the slurry onto a sheet of copper foil (Nippon Foil
Co.) following by drying in an oven at 90 °C for 1 h. The composite
anode was stored in a glove box (with oxygen and humidity maintained
below 10 ppm) for more than 24 h before electrochemical testing. For
the cycle test, the cells underwent galvanostatic charge/discharge tests
between 0.002 and 1.5 V versus Li*/Li using a multichannel battery
testing system (AcuTech Systems BAT-750B).

Fig. 2. SEM images of CPC/Si composites. (a) CPC/Si, (b) CPC/Si-700, (c) CPC/Si-800, (d) CPC/Si-900.
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Si(311)

Fig. 3. CPC/Si composite (a) TEM image, (b) SAED pattern. CPC/Si-700 (c) TEM images (d) HRTEM image, CPC/Si — 900 °C (e) TEM image, (f) HRTEM image.

HRTEM images of (g) Si, (h) CPC/Si-700, and (i) CPC/Si-900 composites.
3. Results and discussion

The XRD spectra (Fig. 1) revealed a broad XRD peak within 10°-30°
for the CPC resin (Fig. 1a) confirming the amorphous character of the as-
obtained CPC resin, where the annealing at 900 °C for 2 h led to two
obvious peaks at 25° and 45° (Fig. 1b), indicating the short-range or-
dered carbon material in the CPC resin. The XRD pattern of the pure Si
powder (Fig. 1c) matched the standard database well (JCPDS card No.
27-1402), where the XRD peaks at 28.44°, 47.30°, 56.12°, 69.13°, and
76.38° corresponded to the (111), (220), (311), (400), and (331) planes,
respectively [23]. The intensity of the XRD peaks decreased, and the

peak broadened in the CPC/Si composites (Fig. 1d), which may have
been due to the reduction in the size of the Si (16.84 nm obtained from
Scherer formula) after ball milling. However, annealing at high tem-
peratures (700 °C, 800 °C, and 900 °C) led to further increases in the
intensity of the peaks in the composite (Fig. 1e-g) due to the gradual
enhancement of the crystallinity and the size of the Si nanoparticles with
increase in annealing temperature. Annealing also led to another broad
peak within 15°-25° (as shown by the arrow) corresponding to carbon
and silicon oxide (SiOx) [39,40]. The molecular structure of CPC and the
formation of the carbon during annealing was confirmed from the
thermo-gravimetric analysis (TGA) (Fig. s1, supplementary information)
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Fig. 4. FTIR spectrum of the Si, CPC/Si composite, and annealed CPC/
Si composite.

of the CPC and the CPC/Si composite. The FE-SEM images (Fig. 2)
showed the microstructure of the CPC/Si composites, where the particle
size of the composite appeared to increase from ~0.5-0.8 pm in the
as-prepared composite and led to large, irregularly shaped ~ 1-2 pm
particles after the heat treatment, which increased the crystallization as
well as the grain growth. The TEM image (Fig. 3a) of the as-prepared
CPC/Si composite confirmed the coating of the silicon particles with
the hydrocarbon resin and the corresponding SAED (selected area
electron diffraction) in Fig. 3b reveals the polycrystalline nature of the
silicon. The diffraction rings correspond to the (111), (220), and (311)
planes of Si, and the diffused, low intense ring is from the amorphous
carbon in the hydrocarbon resin. The annealed CPC/Si composite
(700 °C, and 900 °C) (Fig. 3c,e) exhibits a color contrast which distin-
guishes the Si and carbon. The darker contrast is the Si particles with
smooth edges, and the carbon has a lighter contrast with uneven edges.
The composite used carbon as the basic frame with Si embedded in the
matrix to form a silicon-carbon composite material. The high-resolution
(HR-TEM) images of the composite material annealed at 700 °C and
900 °C (Fig. 3d,f) confirm the formation of three different layers, with
carbon as the outermost layer, the amorphous SiOC/SiOx at the inter-
face, followed by Si showing a clear distinct (111) crystal plane (d
spacing = 0.31 nm). There is an obvious increase in the particle size of
the Si from ~10 nm for Sig+w), to ~30 nm (700 °C), ~40 nm (900 °C)
with the increase of the annealing temperature (Fig. 3g-i). The HR-TEM
analysis confirmed the successful synthesis of the silicon-carbon com-
posite material with carbon as a buffer and with Si embedded in the
matrix, and the interface between silicon and carbon contained SiOC/-
SiOx. It may be mentioned that the SiOC layer might form at the SiOx-C
interface at high annealing temperatures (900 °C). Usually, SiOC layer is
amorphous below 1000 °C [41] and it is very difficult to observe this
layer by HRTEM. However, FTIR and XPS analysis confirmed the pres-
ence of SiOC layer in the annealed CPC/Si composite. Nevertheless, the
Si with the surrounding carbon materials can act as a buffer in the
composite and slow down the volume expansion and contraction in the
silicon while providing good conductivity that optimizes battery
performance.

The FTIR spectra (Fig. 4) of all the as-obtained materials and
annealed silicon-carbon composite revealed several absorption bands,
where the spectrum corresponding to pure Si revealed an Si-O-Si bond
(1000-1200 ecm ') and an Si-OH bond (800-900 cm™1). The CPC/Si
composite comprised a few other bands at 1700 cm ! (C=0), 1600
em! (C=0C), and 1450 cm? (C-H), where the bands at low wave-
numbers (850 cm™?, 1200 ecm ™! (Si-0-C) [42,43] and 730 cm ™ (Si-C))
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Fig. 5. Raman spectrum of the (a) CPC resin, (b) CPC resin-900 °C, (c) CPC/Si
composite, (d) CPC/Si-700 °C, (e) CPC/Si-800 °C, and (f) CPC/Si-900 °C.

[42,43] were related to various bond vibrations of Si—C in addition to the
Si—O-Si bond at 1050 cm ™! [42-44]. The FTIR analysis verified that the
addition of PAA as a bonding agent between hydrocarbon resin and
silicon powder during ball milling is a good method to use for the
preparation of a silicon-carbon composite. The un-annealed and
annealed silicon-carbon composites confirmed the elimination of the
C=0O and C-H functional groups after the heat treatment. The
as-prepared CPC/Si composite had more Si-OC bonds, and further, with
increases in the annealing temperature (700 °C-900 °C), the original
oxygen bonded to carbon atoms was more inclined to bond with the
silicon, leading to an increase in the Si—-O-Si bonding. The silicon-carbon
composite material generated an Si-C bond (700-800 cm ™) after high
temperature heat treatment, as observed in both CPC/Si composites
annealed at 800 °C and 900 °C, respectively. Since the silicon-carbon
composites undergo high temperature heat treatment, the
silicon-carbon interface may react at high temperatures to form SiOC at
800 °C.

The Raman spectrum (Fig. 5) of the hydrocarbon resin exhibited a
smooth curve without any D or G band, indicating that the amorphous
nature of the carbon and the crystallinity of the material increased with
the emergence of the D-band and G-band after the heat treatment at
900 °C. Typically, the peak at 1342 cm ™! is designated as the D-band
(sp® bonds of the carbon), where its strength represents the concentra-
tion of the defects in the material structure [45]. The G band at 1595
cm ! describes the stable sp? bonded carbon atoms, where the intensity
ratio (Ip/Ig) between the D-band and G-band is typically used as a basis
to estimate the degree of disorder in carbon materials. A CPC/Si com-
posite without any heat treatment had a characteristic peak at 520 cm ™!
corresponding to silicon without any D or G-band. This was observed in
all of the CPC/Si composites after heat treatment at 700 °C, 800 °C, and
900 °C. The intensity ratio (Ip/Ig) of the CPC/Si composite decreased
(2.83 at 700 °C to 1.26 at 900 °C) with increases in the annealing
temperature, indicating a gradual decrease in the defect concentration
in the composite. In the electrochemical reaction, if the carbon material
has a high amount of defects, this is more conducive to the diffusion/-
storage of lithium ions.

The Cy5 XPS spectra (Fig. 6, Table 1a) for the CPC/Si composites after
deconvolution had C-C (284.6 V), C-0 (285.4 eV), 0-C=0 (288.8 eV)
bonds, where the intensity of the C-C (C-O) bond increased (decreased)
with increases in the annealing temperature. In addition to the reduction
of the hydrocarbon resin with increases in temperature, the C-O content
in the CPC/Si-700 °C composites was 39.63%, which decreased gradu-
ally to 25.65% and 24.43% for the composites annealed at 800 °C and
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Fig. 6. ESCA spectrum of the C 1s for un-annealed and annealed CPC/Si composites.

Table 1a
C 1s ESCA data.

Sample Chemical Bond Concentration (%)
CPC resin c-C 44.08
c-0 37.57
0-C=0 18.35
CPC/Si - 700 °C c-C 55.69
c-0 39.63
0-C=0 4.68
CPC/Si - 800 °C CcC-C 64.21
c-0 25.65
0-C=0 10.14
CPC/Si - 900 °C CcC-C 68.29
c-0 24.43
0-C=0 7.28

900 °C, respectively. The oxidation of Si increased significantly for CPC/
Si-800 °C and CPC/Si-900 °C, and it appeared that the oxygen atoms
bonded with carbon tended to be more bonded with silicon to form SiO.
The Si 2p XPS spectra (Fig. 7) confirmed the different oxidation states at
binding energies of 99.4 eV(Si-C), 100.4 eV(SiOCs), 101.4 eV (SiO2Cy),
102.5 eV (SiO3C) and 103.6 eV (SiO4) [41,46,47] (Tablelb) and that
agrees well with the previously published report. The un-annealed
CPC/Si composite material was 37.14% un-oxidized silicon (Sio),
which dropped to 9.47% at 700 °C, 4.05% at 800 °C, and 3.2% at 900 °C.
Similarly, the Si** (Si**) content increased consistently from 20.95%
(12.75%) for CPC/Si to 34.42% (14.98%), 51.81% (27.82%), 51.54%
(28.52%) with increases in the annealing temperature from 700°C to

900 °C. The Si 2p spectra were de-convoluted to determine the
silicon-to-carbon/oxygen coordination [48]. Table 1b shows a signifi-
cant difference in the amount of oxidation of the silicon, particularly in
the Si%*, Si®*, and Si** content in the silicon-carbon composites with
increases in the heat treatment temperatures (700 °C, 800 °C, and
900 °C), indicating the formation of mixed SiCyO4 y (mostly x =
0-3)/SiOC material [42,48-50] at the silicon-carbon interface due to the
high temperature reaction. According to the literature, SiO3C can
correspond to the Si3* valence electron state [50], which is consistent
with the high temperature-annealed CPC/Si composite having a higher
Si* content.

Fig. 8a-c illustrates the charge/discharge spectra for the first three
cycles in the silicon-carbon composite annealed at different tempera-
tures. The first cycle charge/discharge capacity was 2291/1846 mAh
g%, 1784/1385 mAh g1, and 1702/1313 mAh g~ for the composite
annealed at 700 °C, 800 °C, and 900 °C respectively. The decline in the
capacity was due to the oxidation of the Si surface due to hydrocarbon
pyrolysis at a high annealing temperature based on the theoretical
assumption that the silicon oxide [39] or SiOC [51] was less than pure
silicon. SiOx was reduced to Si by reacting with lithium ions, with the
formation of Li;O and lithium silicate compounds (Li4SiO4, Li2Si2Os)
through a series of irreversible chemical reactions [12,39,52,53] leading
to a loss of capacity. Among the annealed CPC/Si composites,
CPC/Si-700 °C showed the high first cycle CE of 80.6%, which gradually
decreased to 77.7% and 77.2% with increases in the heat treatment
temperature due to the oxidation of silicon. However, the literature
suggests that the irreversible formation of Li;O and Li4SiO4 can allow
them to serve as a buffer during the volume expansion or contraction of
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Fig. 7. ESCA spectrum of the Si 2p for un-annealed/annealed CPC/Si composites.

Table 1b

ESCA data for the Si 2p.
Sample Si% (%) Sil* (%) Si% (%) Si%* (%) Si** (%)
CPC/Si 37.14 4.57 24.59 20.95 12.75
CPC/Si —700 °C 9.47 5.18 35.95 34.42 14.98
CPC/Si —800 °C 4.05 3.09 13.23 51.81 27.82
CPC/Si —900 °C 3.20 3.44 13.30 51.54 28.52

Si during the charge discharge cycles. In addition, SiOC material un-
dergoes a non-alloying reaction mechanism [42], thereby improving the
cyclic stability of the battery [54-56]. The pure Si, as usual, showed a
high charge/discharge capacity of 3975 mAh g~ (3526 mAh g~1) in the
first cycle, which decreased gradually to 3609 mAh g~! (3040 mAh g1)
and 3090 mAh g~! (2940 mAh g 1) in the second and third cycles
(Tables 1 and 2), respectively. Similarly, the columbic efficiency (CE) for
the first, second, and third cycle was ~88.7%, 84.2% and 95.1%,
respectively. Table 2 summarizes the charge and discharge capacity and
the coulomb efficiency of all the composites. The corresponding cyclic
voltammogram for the first five cycles (scan rate = 0.1 mV/s, voltage
range = 0-2 V) is presented in Fig. 8d-f. The broad peak ranging from
0.5 V-1.2 V in the first anodic (insertion lithium) cycle of all the com-
posites that disappears in the 2nd cycle gives an idea of the formation of
the SEI film on the electrode surface, where the peak below 0.3 V is
attributed to the insertion of Li ions into Si [22,57]. The first discharge
cycle does not show the reduction peak at 0.2 V, which appears at 0.15V
from the 2nd cycle and becomes more prominent with increases in the
number of charge/discharge cycles due to the formation of a series of

lithium-silicon alloys during the lithiation of amorphous silicon (Li,Si).
Two broad oxidation peaks at 0.36 V and 0.53 V in the first to fifth cycles
are ascribed to the partial decomposition of Li,Si and the extraction of Li
ions from the silicon host, respectively [22,57]. The increase in the in-
tensity of both the oxidation and reduction peaks is due to the activation
of the Si phase during the charge/discharge process.

Fig. 9a and Table 3 compare the cyclic stability of the pure silicon
and CPC/Si composites annealed at different temperatures. Among all
the CPC/Si composites, those annealed at 600 °C and 700 °C show a
gradual decline in terms of capacity after 25-35 cycles and after 100
cycles, the discharge capacity reaches 1301 mAh g~! (600 °C) and 1402
mAh g~ (700 °C) with retention of 67.5% and 76%, respectively. The
composites annealed at high temperatures (800 °C and 900 °C) also
exhibited low capacity (1330 mAh g~!, 1340 mAh g 1) after 100 cycles,
but, with better retention (96%, 102%) as compared to other compos-
ites. This may have been due to the thick, complete carbon layer
modified on the Si surface with higher Si-O that contributed to the lower
first discharge capacity. Although, pure silicon had achieved the highest
discharge of 2485 mAh g~! after 100 charge/discharge cycles, the
retention (70.5%) was low as compared with CPC/Si-700.

Fig. 9b and Table 4 present the rate capability of the CPC/Si com-
posites (700 °C, 800 °C, and 900 °C) where the electrodes were charged/
discharged at a rate of 0.1C for eight cycles to ensure the generation of a
stable SEI film in the half-cell. The rate was gradually increased to 2C to
check the stability of the composite at a high current rate, after which it
was reversed back to 0.1C to confirm reproducibility. Among all the
composites, the CPC/Si-700 °C had the highest capacity of 1998 mAh
g1 at 0.1C during the first eight cycles, decreasing gradually to 1396
mAh g’1 (1020 mAh g’l) at 1C (2C) after 23 (28) cycles. The capacity
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Fig. 8. Charge/discharge (a—c) and the CV analysis (d-f) of CPC/Si composites annealed at 700 °C, 800 °C, and 900 °C.

Table 2

Electrochemical properties of the bare Si and (1:1) CPC/Si composite.

Si

CPC/Si-700 °C

Cycle Charge Discharge Capacity (mAh/g) C.E. (%) Cycle Charge Discharge Capacity (mAh/g) C.E. (%)
Capacity (mAh/g) Capacity (mAh/g)

1st 3975 3526 88.7 1st 2291 1846 80.6

2nd 3609 3040 84.2 2nd 1925 1862 96.7

3rd 3090 2940 95.1 3rd 1908 1862 97.6

CPC/Si-800°C CPC/Si-900°C

Cycle Charge Discharge Capacity (mAh/g) C.E. (%) Cycle Charge Discharge Capacity (mAh/g) C.E. (%)
Capacity (mAh/g) Capacity (mAh/g)

Ist 1784 1385 77.7 Ist 1702 1313 77.2

2nd 1492 1427 95.7 2nd 1436 1368 95.3

3rd 1490 1445 97.0 3rd 1443 1397 96.8
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Fig. 9. (a) Cycling performance of bare Si and CPC/Si composites at a current
density of 0.1 C, (b) C-rate test of CPC/Si composites annealed at 700 °C, 800 °C
and 900 °C, (c) EIS analysis of the CPC/Si composites.

recovered to ~1908 mAh g~! at 0.1C. Enhanced capacity at a high
charge/discharge rate (1020 mAh g~! at 2C) and much better retention
(95%) after 33 cycles confirmed the physical/chemical stability of the
composite. The other CPC/Si composites (Table 4) annealed at 800 °C
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Table 3
Cyclic stability data for the Si and CPC/Si composites.
1st charge 1st discharge 100th discharge Retention
(mAhg™) (mAhg™) (mAh g ") (%)
Si 3975 3526 2485 70.5
CPC/Si 1141 850 181 21.3
CPC/Si- 2386 1927 1301 67.5
600 °C
CPC/Si- 2291 1846 1402 76
700 °C
CPC/Si- 1784 1385 1330 96
800 °C
CPC/Si- 1702 1313 1340 102
900 °C
Table 4
C-rate test for the CPC/Si composites.
0.1C 0.2C 05C 1C 2C 0.1C Retention
(%)
CPC/Si- 1998 1927 1729 1396 1020 1908 95.5
700°C
CPC/Si- 1540 1473 1282 989 676 1488 96.6
800°C
CPC/Si- 1502 1419 1204 904 619 1468 97.7
900°C

(676 mAh g1 at 2C) and 900 °C (619 mAh g~ ! at 2C) exhibited very
good capacity as well as cyclic stability with very good retention of
~97%.

Fig. 9¢ shows the AC impedance spectra of the CPC/Si composite
after the fifth cycle and illustrates four different resistances. The first one
is the overall series resistance (Rs) generated at the electrode surface due
to the transport of the electron in the active material between the par-
ticles of the active material and transport of the Li ion in the electrolyte.
The high frequency semicircle corresponds to the resistance generated
by the SEI layer (Rsgp). The second semicircle in the intermediate fre-
quency region is attributed to charge transfer resistance (Rct) due to the
reaction at the interface of the electrolyte. The active material and (d)
the Warburg impedance in the low frequency region is due to the Li ion
diffusion in the electrode [22]. The impedance spectra shows an in-
crease in the resistance of the SEI film and the charge transfer resistance
with increases in the annealing temperature of the composite, which
hindered the Li ion transport in the active material. The composite
annealed at 700 °C had much lower SEI and charge transfer resistance as
compared to the other composites. The formation of the low SEI is
probably related to the annealing temperature where the CPC/Si
annealed at 700 °C led to the formation of the thinner SiOC/SiOx layer
than in CPC/Si-900 (Fig. s2-supplementary information). Lower
annealing temperature for CPC/Si-700 had suppressed the growth of
SiOC/SiOx having lower conductivity than silicon resulting in lower SEI
and charge transfer resistance in CPC/Si-700. It achieved better elec-
trochemical performance, as shown by its high capacity and much better
rate capability. Table 5 summarizes the battery performance of Si/C
composite with the earlier reports that suggests the potential of this
composite as an anode in LIBs.

Therefore, modification of silicon through carbon served as a
framework in which to buffer the volume expansion and contraction of
silicon during the charge/discharge cycles. At the same time, the outer
carbon layer formed on the surface of the silicon prevented the forma-
tion of unstable SEI films and maintained the structure of the silicon-
carbon composite material. In addition, the increase in the ratio of
SiOC to SiOx reduced the overall capacity of the composite, but the
volume expansion rate of SiOC and SiOx during the lithiation process
was nearly 150-200%, which was significantly smaller than that of pure
silicon. The Li»O and Li4SiO4 formed by the irreversible electrochemical
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Table 5
Summary of earlier reports on Si/carbon nanocomposites.
Authors Anode materials Synthesis procedure Composite Discharge Current Voltage Capacity Ref.
morphology/size capacity after rate (mA/ range (V)  retention
100 cycles gor C) %
(mAh/g)
Huang et al. Si/C Ball milling of Si powder with CPCresin  Si particle covered with 1402 mAhg ! 0.1C 0-2 76
Our work and anneal at high temperature C layer after 100
(600 °C-900 °C) cycles
Pan et al. Si/C Polydopamine coating on Si Yolk-shell structure 804mAhg! 1Ag! 0-2 83 [23]
nanoparticle followed by annealing in after 50 cycles
Ar atmosphere
Shao et al. Si/porous C Multiple steps involving dispersion Si Si-porous C sphere 1607 mA hg ! 0.4Ag! 0-2 85 [22]
nanopartilces in an aqueous solution of after 100
Pluronic F127 and glucose, cycles
hydrothermal process and
carbonization
Chen et al. Silicon core-hollow Several steps including pre-paration of Silicon core-hollow 1625 mA hg™! 0.05C 0-2 69 [58]
carbon shell Si@SiO; core-shell nanoparticles carbon shell after 100
nanocomposites followed by coating with polydopamine  nanocomposites cycles
and annealing at 900 °C
Li et al. porous Si-C Calcination of Si nanopowder to form hollow core-shell 650 mA hg™! 0.4Ag! 0-2 86 [35]
nanocomposites SiO, layer on Si followed by coating of structure after 100
thin layer of amorphous carbon Etching cycles
of Si@SiO.@C composite in HF solution
to form porous Si-C nanocom-posites
Liu et al. Si-C Si nanoparticle was coated with Si0O2as  Si@void@C particles ~1500 mA 1C 0-2 74 [21]
nanocomposites sacrificial layer and polydopamine hg? after
coating followed by carobonization to 1000 cycles
form N doped carbon and removal of
SiO2 by HF etching
Magasinski Si-C Synthesis of Si nanoparticles on the Spherical granule like 1590 mA hg ! 1C 0-2 82 [20]
etal. nanocomposites surface of C black nanoparticles by CVD  upon carbon coating after 100
with Si nanoparticles cycles

embeded

reaction can be used as a buffer for the volume expansion/contraction of
silicon, in order to maintain a stable structure leading to excellent per-
formance of CPC/Si composite in lithium ion batteries.

4. Conclusion

We used an easy, simple ball milling method along with a heat
treatment procedure to synthesize CPC/Si composites, which achieved
promising electrochemical performance. These composites are a suitable
alternative to graphite for applications in lithium ion batteries. Specif-
ically, the composite annealed at 700 °C had superior first cycle
discharge capacity (2291 mAh g™ 1), appreciable cyclic stability (1402
mAh g ! after 100 cycles with 76% retention), and significantly high
rate capabilities (1020 mAh g1 at 2C with retention 95.5%) at a very
high current rate. The composites annealed at 800 °C (900 °C) showed
remarkable capacity 1330 mAh g~! (1340 mAh g™!) after 100 cycles
with 100% retention. The in situ-generated LizO and lithium silicates
during the first lithiation buffered the large volume change and led to
improved cycling stability. Variations in the annealing temperature
demonstrated a mixed response for the capacity, cyclic stability, and rate
capability of the composites, which may have been due to the carbon-
ization of the carbon layer and subsequently, the change in the oxidation
state between Si and carbon forming SiOx and SiOC on the surface of Si.
For example, increasing the annealing temperature led to a consistent
decrease in the discharge capacity and rate capability, but increased the
retention after 100 cycles, which may have been due to the variations in
the oxidation of Si, SiOC, and carbonization in the carbon layer.
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