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Abstract: It has been reported that improving electrical conductivity and maintaining stable structure
during discharge/charge process are challenge for Si to be used as an anode for lithium ion batteries
(LIB). To address this problem, milkweed (MW) was carbonized to prepare hollow carbon microtubes
(HCMT) derived from biomass as an anode template for LIB. In order to improve electrical conductivity,
various materials such as chitosan (CTS), agarose, and polyvinylidene fluoride (PVDF) are used as
carbon source (C1, C2, and C3) by carbonization. Carbon coated HCMT@Si composits, HCMT@Si@C1,
HCMT@Si@C1@C2, and HCMT@Si@C1@C3, have been successfully synthesized. Changes in structure
and crystallinity of HCMT@Si composites were characterized by using X-ray diffraction (XRD).
Specific surface area for samples was calculated by using BET (Brunauer-Emmett-Teller). Also, pore
size and particle size were obtained by particle and pore size analysis system. The surface morphology
was evaluated using high resolution scanning electron microscopy (HR-SEM), Field Emission
transmission electron microscopy (TEM). The thermal properties of HCMT@Si composites were
analyzed by thermogravimetric analysis (TGA). Our research was performed to study the synthesis
and electrochemical performance of Si composite with HCMT by the carbonization of natural micro
hollow milkweed to form an inner space. After carbonization at 900 °C for 2hin N, flow, inner diameter
of HCMT obtained was about 10 pum. The electrochemical tests indicate that HCMT@Si@C1@C3
exhibits discharge capacity of 932.18 mAh/g at 0.5 A/g after 100 cycles.

Keywords: biomass; milkweed (MW); hollow carbon microtubes (HCMT); lithium-ion battery

1. Introduction

It has been known Silicon (Si) has many advantages such as high theoretical capacity (4200 mAh/g),
non-toxic, low cost, and abundant reserve [1-6]. Therefore, Si is the one of the most attractive materials
as an anode for lithium ion battery. Two main problems should be solved for Si to be used as an anode
commercially, which are low electrical conductivity and significant volume expansion (~300%) during
Li insertion/extraction [7-12]. In order to enhance electronic conductivity, many researchers have
been studied on several of Si-based electrodes. Carbon materials, including artificial graphite, natural
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graphite, and hard carbon are widely applied for Si coating and the mixture of high carbon Si/carbon
composite was synthesized [13-15]. However, it was shown a limitation in the number of times the cycle
test. It is because of the lack of enough change in volume of the internal volume of Si. Core-shell
structural Si/C composites prepared by the coating of polymer delivered outstanding electrochemical
performance, such as good rate capability and a long cycling life, as anode for LIBs [6,13-15]. Yi’s group
has synthesized a C-Si and C-5i@G and shown the performance as an anode for LIB. It was clearly seen
that the Si/C could only deliver ~617 mAh/g at 0.5 A/g after 100 cycles. The charge specific capacity
of C-5i@G at ~1987 mAh/g under the same rates. Other researchers have reported that the specific
capacity for porous Si/C anode is 600~750 mAh/g for LIB after 100 cycles [2,4,13,14]. It is confirmed that
carbon materials in the silicon—carbon composite can improve the electronic conductivity of composite.
However, it is not enough for carbon to play as a role of buffer the huge volume expansion caused by
the processes of intercalating lithium ions in silicon.

New types of carbon have been explored to improve the cycle ability and the electrochemical
performance due to their high surface area and good electrical conductivity. Many researchers have
studied carbon nanomaterials, such as carbon nanofiber (CNF), a novel one-dimensional (1D) carbon
nanomaterial, graphene, and carbon nanotubes (CNTs) [16,17]. Especially, several types of CNF have been
manufactured from different sources, which also demonstrated good electrochemical performance [18,19].
However, most of the CNFs are from non-renewable precursors consequently limiting their large-scale
application. Therefore, finding low-cost and renewable resources to manufacturing high performance
CNF materials is a pressing problem for every researcher. Also, reducing the consumption of fossil
fuel resources should be considered. Recently, biomass has become more attractive in preparation of
useful carbonaceous materials as a bountiful renewable resource in nature. Biomass sources such as
catkin, lignin, alginate, and wood sawdust have demonstrated excellent electrochemical performance
as electrode materials for energy applications [20-25]. Some biomass materials such as pollen, lignin,
chitin, cellulose, and catkin have been studied on batteries and supercapacitors [26-30]. They have
many advantages of inexpensive, abundant natural resources, renewable, and huge specific surface area.
Besides, they could directly serve as both a template with porous structure for LIB and a precursor for
the preparation of carbon microfibers by simple carbonization [31,32]. Biomass is not widely applied as
an anode for LIB. These day, Chen’s group has reported that HPC@Si@GS shows high rate capability
that the electrode delivers a high and stable capacity of 435 mAh/g at a high current density of 1.6 A/g.
When the electrode is measured at original current density of 0.1 A/g, it can deliver a capacity of 1003
mAh/g after the subsequent 100 cycles [1]. Zhu's group has investigated that the SI@C@CNT electrode
exhibits a specific capacity of 620 mAh/g at extremely high charging rate of 7.50 A/g. Furthermore,
the Si@C@CNT-G electrode exhibits the capacity of 420 mAh/g at the rate of 0.2 C after 100 cycles [2].
MW is the one of the biomass sources and biomass has been studied as a supercapacitor. Recently, there
are research papers that biomass has good conductivity, and there are also research publications applied
to sulfur batteries. However, biomass is not yet widely used in LIB.

In this study, we used MW as a template with carbon porous structure and a precursor
to prepare HCMT by simple carbonization. HCMT can provide large surface area to load Si
particles and buffer space to cushion the enough volume expansion for Si. Therefore, Si was
accommodated to MW and calcinated with low-cost carbon sources such as Chitosan (CTS), Agarose,
and polyvinylidene fluoride (PVDF) in N, flow. Three different Si composites, HCMT@Si@Cl1,
HCMT@Si@C1@C2 and HCMT@Si@C1@C3, were synthesized and discussed about electrochemical
properties. Characterization for samples used after 100 cycle is in progress. In the future research, it
will be the subject of future publication.

2. Materials and Methods

The silicon nanoparticles (51 NPs; APS = 50 nm, Alfa Aesar) were prepared and the milkweed
(MW) was collected from nature, Korea. Natural MW was prepared by immersing in 10 mL of 2%
polyvinylpyrrolidone (PVP; M.W. = 360,000, Sigma-Aldrich) for 30 min. Hollow carbon microtubes
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(HCMT) were synthesized by simple carbonization of MW. Chitosan (CTS; medium molecular weight,
Sigma-Aldrich) was added and stirred in 25 mL of 2% acetic acid for 2 h at 60 °C. 1 g of S5i was dispersed
in MW and stirred for 1 h. CTS solution was added into Si distributed to the inner and outer surface
of MW, which was repeatedly dispersed by sonicating for 5 h at room temperature. Then, obtained
mixtures of MW, Si, and CTS were dried to produce the powder for 24 h at 70 °C. HCMT@Si@C1
composite was prepared by simple carbonization of the powder at 400 °C for 2 h in nitrogen flow. After
HCMT@Si@C1 composite was added into 6 wt.% PVDEF ((CH,CF,)n, M.W. = 534,000, Sigma-Aldrich)
in NMP solution (CsHoNO, 99%, Sigma-Aldrich) stirred for 12 h, it was dried and carbonized at 900 °C
for 2 h in nitrogen flow to produce the HCMT@Si@C1@C3 composite. HCMT@Si@C1 composite was
added into Agarose (Agarose; bioreagent, low EEO, Sigma-Aldrich) solution dissolved in deionized
water (DI) and stirred for 2 h at 70 °C. A few drops of glutaraldehyde (glutaraldehyde; grade I,
25% in H20, Sigma-Aldrich) was dropped and aged by sonication for 4 h at room temperature.
HCMT@Si@C1@C2 composite was synthesized by carbonization 2 h at 900 °C in nitrogen flow after
the solution was dried for overnight. The synthetic process of all materials is schematically illustrated
in Figure 1.
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Figure 1. Schematics for preparation of the synthesized materials.

The synthesized materials were characterized by using a conventional X-ray diffractometer (XRD,
X-pert PRO MPD, PANalytical, Netherlands) to analyze phase compositions and crystal structure.
XRD was operated at 6-26 scan mode (26 range: 10-80° and scan speed: 1°/min) with Cu-K; radiation
(A = 0.15408 nm) in continuous mode. The surface morphologies were measured by using scanning
electron microscopy (SEM, Hitachi SU-70, Japan) operating at 15 kV. Samples were coated with platinum
in order to increase their conductivity. The contents of carbon and Si for the carbon coated HCMT@Si
composites were analyzed and calculated from thermogravimetric analysis (TGA, TA Q600, WATER,
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USA) by heating from 25 °C to 700 °C with 10 °C/min at air atmosphere. The morphology and internal
microstructure of carbon coated HCMT@Si composites were further observed by transmission electron
microscopy (TEM, JEM 2100F, Jeol, Japan). TEM was operated at 200 kV acceleration voltage.
Samples for TEM were prepared by dispersing the material in ethanol and drops of this dispersion
were deposited onto carbon grids. The surface area of MW and HCMT was calculated by using N,
adsorption/desorption isotherms. The particle size of MW and HCMT was characterized by particle
and pore size analysis system (UPA-150, ASAP2010, AutoporelV, Micromeritics, USA). The condition
for degassing was at 400 °C for 12 h. In addition, the pore size of MW and HCMT was calculated by
the BJH (Barrett-Joyner-Halenda) method.

For the working electrode, components were mixed with active material, conductive agent (carbon
black, super P), and binder (PVDF) as weight ratio of 80:10:10. The mixed slurry was spread on
the Cu foil using doctor blade with the thickness of 60 pm and dried at 70 °C for 2 h. All electrodes
were served as the working electrode with 4 mg/cm? and a Li metal was served as counter electrode.
The Celgard-2400 polypropylene-membrane was used as the separator. The electrolyte was 1.2 M
LiPFg in an ethylene carbonate ethylene methyl carbonate with a volume ratio of 7:3 containing 10
vol.% FEC (fluoroethylene carbonate, Panax Etec Co., Ltd., ROK). CR2016 coin type half-cell was
assembled for electrochemical properties of prepared electrodes in the glove box. The discharge/charge
profiles of all the electrodes were measured by Galvanostat (WonAtech Co. Ltd., Korea) performing in
the voltage range of 0.05 V to 1.5 V (vs Li*/Li). The rate capabilities of all the electrodes were carried
out at different current densities of 0.1, 0.5, 1,2, 4,1, and 0.5 A/g.

3. Results and Discussion

The XRD patterns of commercial Si (~50 nm), HCMT, HCMT@Si@C1, HCMT@SieCl@C2,
and HCMT@Si@C1@C3 are shown in Figure 2. HCMT displays a broad feature at 22.8° and 44.5°,
indicating that carbon structure is dominant in the obtained HCMT. It was reported that the peak for
willow catkins, wheat straw and cotton fibers around 21.7° should arise from the cellulose they owned
and shift to the right a little by increasing the temperature of carbonization [23,33]. In comparison
with Si, carbon coated HCMT®@Si composites show sharp peaks of Si with reduced peak intensity.
The five peaks at 28.6°, 47.4°, 56.3°, 69.3°, and 77.3° for Si and all prepared materials correspond to
the characteristic peaks of (111), (220), (311), (400), and (331) crystal planes of Si. Besides, additional
broad peak at 21.2° which is typical amorphous carbon and there are no impurity peaks for synthesized
materials. This is the evidence that Si is well dispersed in HCMT and HCMT@Si is coated by carbon
without the change of phase compositions for Si and carbon coated HCMT@Si by synthesis.
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Figure 2. XRD patterns of the (a) Si; (b) HCMT, (¢) HCMT@Si@C1; (d) HCMTe@Si@Cl@C2;
(e) HCMTeSieCl@C3.

Figure 3a depicts the surface area of raw MW and HCMT using N, adsorption/desorption isotherm.
BET surface area for raw MW and HCMT was obtained with 12.97 and 143.64 m?/g, respectively.
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The Significant hysteresis was shown for HCMT in Figure 3a. It is common that the adsorbed nitrogen
gas is not discharged as much as it is adsorbed during desorption. Significant hysteresis can be
explained that gas is combined with the sample surface and remained. It is because the pore shape
is like the bottle neck as well. An average pore size was calculated by BJH method from Figure 3b.
The obtained average pore size was 7.61 and 6.19 nm for raw MW and HCMT. After calcination MW,
BET surface area increased 10 times while an average pore size decreased slightly.

20

100 < °
> —0-0-0-0-0-9-¢_
D g eeeces, 154
o ......— a °
£ ° 3
E & oof £
s ] Y 4 = o o o
@ .ﬂ.,.o/0~0/° o 10 °
2 oo O E o
S 40 »”° 3 o ° o
k] I’ (o]
; d —O— raw MW i 5 .O ° o
= 204 —e— HCMT T
] 6 Poe ; o ©
© o O
S / ' 4 O raw MW
G (eI ARRRTG OO0 OETOADO . & ® HCMT
E o)
0.0 02 0.4 0.6 08 1.0 ; . ; ; ;
0 10000 20000 30000 40000 50000

Relative Pressure (P/P°)
Pore Diameter (nm)

(@) (b)

Figure 3. Particle and pore size analysis: (a) BET surface area; (b) pore size of raw MW and HCMT
calculated by the BJH method.

Figure 4 shows SEM images of all synthesized materials including MW and HCMT. A MW has
a hollow structure and a smooth surface with a diameter of 17-20 pm in Figure 4a. MW was carbonized
with calcination in nitrogen atmosphere at 400 to 900 °C with 5 °C/min for 2 h. The hollow structure
has an average diameter of about 10 pm and a wall thickness of about 650 nm as observed in Figure 4b.
The diameter observed by SEM is different from the pore size by BJH. The pore size calculated by
BJH means the average value of pores on the surface of hollow carbon tube, while the value from
SEM is the diameter of hollow carbon tube. Usually the calculated range by BJH is up to 300 nm.
The diameter of the micro-sized tube is not counted in the BJH calculation. As shown in Figure 4c—e.
The hollow microtube structure of MW was sustained after carbon sources such as CTS, agarose,
and PVDF on the outside of surface MW@Si were carbonized. Si particles were entered into the wall of
MW and were fastened. It is indicated that Si particles were dispersed in the hollow tube and fixed in
MW played as a role of an anode template which has a buffer void. In order to investigate Si particle
were successfully wrapped by carbon and dispersed into HCMT, TEM, and TEM-element mapping of
HCMT@Si@C1@C3 were carried out.

In Figure 5a, it is shown that carbon was deposited on the surface of Si particles in a form of
a nanometer thick layer of carbon. The thickness of carbon layer is measured to be about 10 nm.
TEM-element mapping images of HCMT@Si@C1@C3 showed the presence of Si, C and O elements in
Figure 5b.

As shown in Figure 6, TGA curves for Si, HCMT@Si@C1, HCMT@Si@C1@C2, and HCMT@Si@C1@C3
were measured at a heating rate of 10 °C/min in air atmosphere. Weight loss in the curves is due to
the combustion of carbon in the composite. On the other hand, slow increase of Si is ascribed to
the oxidation of Si [1]. Major mass reduction was begun above 500 °C and the weight loss was mainly
occurred between 550 °C and 650 °C. It can be explained that the oxidation of carbon in a sample
reacted with oxygen atom. These results confirm that the weight loss of carbonized material increased
with temperature and carbonized material was degraded around 650 °C completely. The remaining
weight shows Si content in each sample and 77.8 wt.%, 77.2 wt.%, and 59.4 wt.% of HCMT@Si@C1,
HCMT@Si@Cl@C2, and HCMT@Sie@C1@C3.
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(b)

Figure 5. (a) TEM images; (b) TEM-element mapping images of HCMT@Si@C1@C3.
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Figure 6. TGA curves recorded for (a) Si; (b) HCMT@Si@C1; (c) HCMT@Si@C1@C2; (d) HCMT@Si@C1@C3.

The cyclic performance of all synthesized materials for the subsequent 100 discharge/charge cycles
was measured at 0.1 A/g (1st~5th cycle) and 0.5 A/g (6th~100th cycle) as shown in Figure 7a. Many
researchers reported that Si electrode has very low charge capacity with retention of below 5% after 100
cycles [1]. When capacity rate increases from 0.1 to 0.5 A/g the capacity for carbon coated HCMT@Si
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composites was decreased dramatically and was increased after 5 to 7th cycle at 0.5 A/g. The similar
phenomenon of capacity increasing has been reported [1,34-37], which may be ascribed to the activation
gradually of silicon without completely reaction in the composite electrode during the subsequent
discharge/charge cycles. Other researchers explained that the dramatic increasing in charge capacity
maybe attributed to a layer of gelatinous material that forms on the surface of the electrodes. That can
provide additional capacity. Otherwise, the original SEI film cracks to generate a new thinner SEI film
which leads to an increased capacity [8,38]. As shown in Figure 7a, HCMT@Si@C1, HCMT@Si@C1@C2,
and HCMT@Si@C1@C3 electrodes have initial capacity of 764, 1038, and 1391 mAh/g at 0.5 A/g.
Furthermore, the retention value for materials has 82%, 75% and 67% of the initial capacity after 100
charge/discharge cycles. The capacity of HCMT@Si@C1 has high retention of 82% which reveals good
stability and a good candidate as an anode template of HCMT having inner void, while it was obtained
low capacity of 632 mAh/g relatively after 100 cycles. The result of cycle performance for composites
implies their stable energy storage processes during long cycle test. It can be inferred that HCMT can
remarkably improve cycle stability as playing a role of void buffer.
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Figure 7. (a) Cyclic curves HCMT@Si@C1, HCMT@Si@C1@C2, and HCMT@Si@C1@C3 electrodes for
100 cycles; (b) Rate capability of HCMT@Si@C1, HCMT@Si@C1@C2, and HCMT@Si@C1@C3 electrodes.

In comparison with HCMT@Si@C1 electrode, HCMT@Si@C1@C2 and HCMT@Si@Cl@C3
electrodes were shown remarkably enhanced capacity of 776 and 932 mAh/g after 100 cycles, respectively.
It means the electronic conduction of HCMT@Si composites was improved by using the combination of
C1 and C3 among variety of carbon sources. The HCMT in composites provides a large interfacial area
and stabilizing the morphology and structure of the Si anode. Figure 7b shows the rate capability of
HCMT@SieCl, HCMT@Si@C1@C2, and HCMT@Si@C1@C3 electrodes cycled at different rates of 0.1,
0.5,1,2,4,1,and 0.5 A/g. The capacity of HCMT@Si@C1, HCMT@Si@C1@C2 and HCMT@Si@Cl@C3
electrodes was decreased with higher current density. All composites exhibited stable capacity at
high current density and HCMT@Si@C1@C3 obtained high capacity of 744 mAh/g at 2 A/g and 555
mAh/g at 4 A/g. The capacity of 1232 mAh/g was recovered to 1061 mAh/g with retention of 86% when
the current density decreases back to 0.5 A/g. The rate capability and stability of HCMT@Si@C1 was very
excellent compared with HCMT@Si@C1@C2 and HCMT@Si@C1@C3 as shown in Figure 7. However,
the capacity of HCMT@Si@C1 was necessary to be improved and the capacity of HCMT@Si@C1@C3 was
obtained much higher than that of HCMT@Si@C1 and HCMT@Si@C1@C2. For the HCMT@Si@C1@C3,
the excellent cyclic performance and rate capability obtained are mainly attributed to the hard template
of hollow microtube structure and the outer material. Si particles are adjoined on the surface of
hollow microtube structure and fixed on the inner wall of HCMT mostly. Then obtained HCMT@Si
particles are coated by carbonization from variety of carbon sources to improve conductivity and stable
structure. The hollow microtube structure provides void when Si expands repeating discharge/charge
cycle, which protects from cracking and damage of cell. Also, among carbonized material from several
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carbon sources, carbonization of C1 and C3 might be coated the Si surface evenly and harder than C1,
the combination of C1 and C2. Also, the combination of C1 and C3 improved electronic conductivity
to the transport of lithium ion.

4. Conclusions

Carbon coated HCMT@Si composites were synthesized by simple carbonization of MW having
hollow microtube structure from nature. The content of Si for each sample shows 60~78% from TGA
result. SEM results show that Si is adjoined on the surface and inside of MW. Synthesized carbon
coated HCMT@Si composites display much better electrochemical performance than Si which has
a theoretical high specific capacity but poor cycle performance as known popularly. Although volume
expansion and shrinkage of Si are repeated during the insertion and extraction of lithium ions, it shows
improving capacity retention because the void in hollow microtube structure of milkweed serve as
a buffer for volume expansion. Charge/Discharge was performed 100 cycles (5 cycles with 100 mAh/g,
95 cycles with 0.5 mAh/g) and the capacity for HCMT@Si@C1@C3 was obtained ~950 mAh/g after 100
cycles with 0.5 mAh/g. HCMT@Si@C1@C3 showed excellent cycling performance and high degree
of reversibility because of better electronic conductivity than others. It demonstrated again the great
potential for energy storage applications.
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