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Abstract: Silicon possesses a high theoretical specific capacity and is a promising high-performance
anode material for lithium-ion batteries (LIBs). However, it shows a poor cycling performance
because of volume expansion. A hollow structure can improve Si cycling performance, and the
template method is one of the most common methods for hollow micro/nanosphere preparation.
A polystyrene (PS) microsphere has the advantages of having a uniform and controllable particle
size, easy modification, and high stability, thus being an ideal template for preparing hollow structure
material. Herein, PS microspheres are used as templates to obtain hollow silica spheres, and then
obtain hollow silicon spheres with an inner pore diameter of ~50 nm by a magnesium thermal
reduction method. Lithium-ion battery anode material is obtained using carbon nanotubes supporting
hollow silicon spheres (Si-CNTs). Si-CNTs exhibit excellent cycling performance (1188 mAh g−1 after
200 cycles) and excellent rate capability (484 mAh g−1 at 1 A g−1). Hollow porous Si-CNTs show
great potential, providing a promising idea for solving the volume expansion problem of Si.

Keywords: polystyrene microspheres; nano hollow silicon; lithium-ion batteries; carbon nanotubes

1. Introduction

In recent decades, nanomaterials have been used in a wide range of research fields,
such as energy storage materials [1,2], electrocatalysts [3–5], and sensors [6–8]. The design
and synthesis of hollow nanomaterials are two of the hotspots in material science research,
which is very attractive in the field of material science applications [9–15]. Various types
of hollow nanomaterials have a wide range of applications in the fields of lithium-ion
batteries (LIBs) [16], supercapacitors [17], and catalysts [18]. Silicon is an attractive material
for use as an anode in energy storage devices as its theoretical capacity (4200 mAh g−1)
is ~10 times higher than that of the carbon materials (graphite: 372 mAh g−1) currently
available on the market for LIBs. The main challenges associated with silicon anodes are
drastic volume change (about 300%) during cycling, side reactions with the electrolyte, and
low volume capacity upon material size reduction. The issues lead to structural degradation
and instability of the solid electrolyte interphase (SEI) [19–22].

Particle cracking and electrical contact loss have long been considered the main rea-
sons for the capacity decline of silicon-based anodes. Pioneering work has shown that
reducing the feature size to the nanoscale allows materials to withstand large (de)lithiation
stresses without fracture [23–25]. However, the cycle life of nano silicon is still limited due
to the unstable SEI on the surface. At the operating potential of the anode (0.5 V vs. Li+/Li),
the organic electrolyte decomposes and forms a thin SEI layer. As the silicon expands and
contracts, the SEI layer deforms and cracks. The formation of new SEI on the newly exposed
silicon surface leads to poor coulombic efficiency of the battery, and the accumulated SEI
will eventually prevent the transport of lithium ions. Due to this mechanism, the capacity
decreases as the SEI increases, even though most active materials remain electrically con-
nected. In order to control the formation of SEI, electrolyte barriers and internal void spaces
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need to be designed in the structure. Various literature has demonstrated such designs,
including Si/C structures [26].

Herein, emulsion polymerization was used to synthesize 50 nm polystyrene micro-
spheres with controlled particle size. Using the prepared 50 nm polystyrene microspheres
as templates, hollow silicon spheres with the same inner diameter were obtained. Then, we
prepared carbon nanotubes supporting hollow nano-silicon microspheres (Si-CNTs) with
polystyrene microspheres as templates, resulting in a high capacity and stable structure,
alleviating the problem of silicon volume expansion, which can provide a solution to the
poor silicon cycling performance. The Si-CNT composite exhibits higher stability (the
capacity reached 1188 mAh g−1 after 200 cycles) and superior rate capability (484 mAh g−1

at 1 A g−1, and the capacity of Si-CNTs recovered to 797 mAh g−1 after current densities of
0.05 A g−1) than pure Si material (665 mAh g−1 after 147 cycles). Si-CNT composite exhibits
excellent mass specific capacity, superior rate capability, and stable cycling performance,
contributed by the hollow silicon sphere structure and the confinement of CNTs on Si
volume changes.

2. Materials and Methods
2.1. Materials

All reagents were directly used after purchase except styrene which needed to be
further processed. The styrene was filtered through a 16 mm inner diameter column
with alkaline alumina to remove the polymerization agent so that the polymerization
reaction could proceed normally. Styrene (St); methyl methacrylate (MMA); analytical
grade alumina and ethanol; hydrofluoric acid, which is a guaranteed reagent; magnesium
powder, with a purity of >99.0%; sodium chloride, with a purity of >99.5%; and tetraethyl
orthosilicate (TEOS), with a purity of 28.4% were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) 2,2′-azobis (2-methylpropionamidine) dihydrochlo-
ride (AIBA/V50), 2,2′-azobis (2-methylpropionitrile) (AIBN), cetyltrimethylammonium
bromide (CTAB), and sodium carboxymethylcellulose (CMC) were analytical grade and
were provided by Aladdin Reagent (Shanghai) Co., Ltd. (Shanghai, China) The ammonia
concentration was 27%, and the hydrochloric acid concentration was 37.5%; both were
purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China) The
purity of the lithium sheet was 98%, the purity of the copper foil was >99.7%, and the
purity of the polyacrylic acid (PAA) was 4%. The electrolyte (lithium battery electrolyte
with 5% FEC) and acetylene black were purchased from Guangdong Canrd New Energy
Technology Co., Ltd. (Shanghai, China) The purity of the CNTs was more than 97%, the
diameter was 3–15 nanometers, and the length was 15–30 µm, and all were purchased from
Shenzheng Suiheng Technology Co., Ltd. (Shanghai, China)

2.2. Preparation of the PS Microsphere

First, 2.5 g of cationic emulsifier hexadecyltrimethylammonium bromide (CTAB,
purity: A.R.) was fully dissolved in 110 g of deionized water. Then, 50 g of monomer
styrene was added and heated up, 0.2 g of initiator 2,2′-azobis [2-methylpropionamidine]
dihydrochloride (AIBA) was dissolved in 20 g of pure water, and when the temperature
reached 80 ◦C, the initiator treatment was carried out. The initiator residual was rinsed
with water before the polymerization reaction started. The reaction was completed after 8 h,
followed by post treatments. Centrifugation was carried out to remove excess emulsifier,
solvent, etc., and the as-collected material was finally dried, collected, and stored for
future use.

2.3. Preparation of Hollow Si and Hollow Si/CNT Composite

Polystyrene microspheres at a size of 50 nm were used as a template, and tetraethyl
orthosilicate was used as a silicon source. A nanocomposite material with a core-shell
structure was prepared, and then a hollow nano-silicon material was prepared by calcina-
tion. Subsequently, 0.6 g of CTAB and 39.5 g of ethanol were added into a round-bottomed
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flask, stirred until the CTAB was completely dissolved, and then 1 g of ammonia water was
added and continued to stir. The CTAB guided the PS microspheres to combine with the
tetraethyl orthosilicate (TEOS). Ammonia water was added to adjust the pH of the solution,
and ethanol was used to prevent excessive hydrolysis. Furthermore, 2 g of polystyrene
emulsion was dissolved in 100 g of deionized water, stirred, transferred to a round-bottom
flask, and stirred for 30 min. Next, 1 mL of TEOS was slowly added dropwise into the
flask. As with the silicon source, the TEOS wrapped a layer of SiO2 outside of the PS
microspheres. After the dropwise addition of the TEOS was completed, the temperature
was kept unchanged for 12 h.

Mg powder was used to reduce hollow SiO2 to nano hollow Si without changing the
material morphology. The Mg powder and hollow SiO2 were mixed at a mass ratio of
1:1 with 10 times the mass of Mg powder NaCl, fully ground in a glove box with a mortar
for 15 to 20 min, and placed into a tube furnace filled with argon for 15 min. The temperature
was raised to 650 ◦C at 2 ◦C/min and kept for 4 h, and then the temperature was naturally
cooled. After cooling to room temperature, the product was taken out, slowly added to
40 mL of 1 M HCl solution, and then stirred uniformly at room temperature for 4 to 6 h.
The material was then centrifuged, washed twice with water and once with ethanol, and
then put into a plastic beaker. Subsequently, 20 mL of 4% hydrofluoric acid (HF) was added
and stirred at room temperature for 10–15 min. The material was centrifuged, washed twice
with water, once with ethanol, and vacuum-dried at 60 ◦C for 12 h to obtain the Si-CNTs.

2.4. Material Characterizations

X-ray diffraction (XRD, Rigaku MiniFlexll, Tokyo, Japan) patterns were collected at
the angle range from 10◦ to 80◦ with Cu Kα radiation (λ = 1.5408 Å). X-ray photoelectron
spectra (XPS, Thermo Scientific K-Alpha, Waltham, MA, United States) measurements
were performed using an Al Kα X-ray source. Thermal gravimetric analysis (TGA, Mettler
Toledo TGA/SDTA 851, Zurich, Switzerland) was conducted by a thermal analyzer in
N2/O2 flow at a heating rate of 10 ◦C min−1. The morphology and surface details were
analyzed by scanning electron microscopy (SEM, JEOL JSM-7800F Field Emission, Tokyo,
Japan) and transmission electron microscopy (TEM, JEOL JEM, 1011, Tokyo, Japan).

2.5. Preparation of Electrodes

The as-prepared hollow nano-Si and CNTs were mixed as follows: the hollow nano-
silicon material and the carrier material CNT were put into a beaker in a ratio of 6:4, 40 mL
of ethanol was added, the temperature was controlled at 50 ◦C, heated and stirred with
a magnetic stirrer until dry. The prepared composite material acetylene black and water-
based binder polyacrylic acid (PAA) were mixed in a ratio of 8:1:1. In order to ensure the
stability of the system during the stirring process, a PAA solution with a mass fraction of
0.5% should be prepared in advance, ground by hand for 15 to 20 min to make it uniform,
stable and suitable; then coated on a 12 mm diameter round copper foil at 60 ◦C and dried
in a vacuum oven for 12 h.

2.6. Electrochemical Measurements

Electrochemical tests were carried out on the Chi660E electrochemical workstation
(Shanghai, Chenhua Co., Shanghai, China) and CT3001A (Wuhan LAND Electronic Co.,
Wuhan, China). The electrochemical performance was tested by a button-type half-cell;
the electrolyte used was 1M LiPF6 (EC: DMC = 1:1Vol%, 5% FEC), which was purchased
from Guangdong Canrd New Energy Technology Co.; and the lithium sheet was used as
the cathode. All tests such as the cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), charge-discharge tests, rate performance, and cycling performance were
performed at room temperature (~25 ◦C).
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3. Results and Discussion

The preparation process of the Si-CNT electrodes is shown in Figure S1. Our prepared
samples were firstly studied using an SEM. The samples were sprayed with 6 nm of gold
to enhance the electron conductivity and observe the nanoscale polystyrene microspheres.
As shown in Figure 1a, the particle size of the polystyrene microspheres was ~50 nm.
The microspheres were further characterized by TEM in Figure 1b, which shows that
the polystyrene microspheres are uniform, and the particle size is in agreement with the
SEM. XRD was used to test the crystal structure of the microspheres. Figure 1c shows
that the microspheres have a broad characteristic diffraction peak at 2θ = 20◦, which is
consistent with polystyrene. The chemical bonds of the nanospheres were further analyzed
by infrared spectroscopy, as shown in Figure 1d, in which the peaks at 3061.5 cm−1 and
3024.7 cm−1 correspond to the stretching vibration absorption peak of the unsaturated
C–H bond on the benzene ring [27,28]. The two peaks at 2849.5 cm−1 and 2921.7 cm−1

are the stretching vibration absorption peaks of the C-H bond on –CH2– [29,30], and
the three characteristic peaks at 1603.3 cm−1, 1494.3 cm−1, and 1450.1 cm−1 are due to
the substitution on the benzene ring [31,32]. The peaks prove that it has a benzene ring
structure, and the absorption peaks at 755.5 cm−1 and 698.8 cm−1 are the characteristic
absorption peaks caused by the vibration of the monosubstituted C–H bond on the benzene
ring. The measured infrared spectrum analysis pattern conforms the characteristic peaks
of polystyrene. Therefore, it is evident that the synthesized material is polystyrene. The
particle size of the polystyrene microspheres can be intuitively obtained through the
electron microscope image. As shown in Figure 1e, the particle size of the polystyrene
microspheres was ~55.2 nm, in agreement with the microscopy results.

There are some different between on-line PDF version and manuscript. The picture 
is out of shape. We would like to correct them. 

1. 

Fig 1 in manuscript 
Figure 1. (a) SEM images of polystyrene microspheres. (b) TEM images of polystyrene microspheres.
(c) X-ray diffraction (XRD) patterns of polystyrene microspheres. (d) FT-IR spectrum of polystyrene
microspheres. (e) Particle size analysis chart of polystyrene microspheres.

Polystyrene microspheres were used as the template, and tetraethyl orthosilicate was
used as the silicon source. The nanocomposite with a core-shell structure was prepared, and
then a hollow nano-silicon was prepared by calcination. Figure S2 shows the thermogravi-
metric curves (TGA) of PS and SiO2@PS under an air atmosphere. When the temperature
was 550 ◦C, the PS reacted completely in the air and no solid remained. Therefore, this
composite was calcined at 550 ◦C for 4 h to completely remove the PS in the SiO2@PS. The
slow heating rate is beneficial to the structural stability of SiO2@PS. The temperature was
increased to 300 ◦C at 2 ◦C/min, kept for 2 h, and then continued to increase to 550 ◦C at
2 ◦C/min and kept for 4 h. The PS template was completely removed to obtain a hollow
SiO2. Figure S3 is the XRD pattern of hollow SiO2. It can be seen that there is a broad
diffraction peak at 2θ = 25◦, which is consistent with the characteristic diffraction peak of
SiO2 [33]. Figure 2a is the TEM image of the SiO2@PS before calcination; the core-shell
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structure of the SiO2@PS can be seen, with clear boundaries; the inner core is the template
PS, and the outer shell is SiO2. Figure 2b is the TEM image of the SiO2@PS after calcination.
It can be seen that the template PS has been removed, the hollow sphere is SiO2, and the
thickness of the hollow spherical shell is about 8 nm. The hollow SiO2 is reduced by the
Mg powder, and nano hollow Si spheres are obtained. The advantage of Mg reduction
is to reduce a series of substances without changing the morphology. Figure S4 is the
crystal structure model of Si. As shown in Figure 2e, the XRD of the hollow Si obtained
by magnesium reduction shows the following characteristic peaks: the peaks located at
2θ = 28.38◦, 47.28◦, 56.08◦, 69.12◦, 76.32◦, and 88.04◦ correspond to (111), (220), (311), (400),
(331), and (422) facets of cubic Si [34]. It can be seen from the XRD pattern that the hollow
silicon spheres have been successfully prepared by the magnesium thermal reduction
method, and they have a high degree of crystallinity. The Raman spectrum of the hollow Si
spheres in Figure 2f shows a strong characteristic peak of Si at 518.72 cm−1, which further
proves that the hollow silicon spheres were successfully prepared [35].

2.  

Fig 2 in manuscript Figure 2. (a) TEM images of the SiO2@PS before calcination (a,b) after calcination.
(c) Low-magnification SEM image of the hollow Si-CNTs. (d) High magnification SEM image of
the hollow Si-CNTs. (e) X-ray diffraction (XRD) patterns of Si, CNTs, and Si-CNTs. (f) Raman
spectroscopy of Si, CNTs, and Si-CNTs.

Nanoscale PS (solid white spheres) was prepared by emulsion polymerization. A layer
of SiO2 (green part) was coated on the PS microspheres with TEOS as the precursor, calcined
at a high temperature to form hollow SiO2, and the hollow SiO2 was reduced by the
magnesium reduction method. The hollow Si (yellow shell) was prepared, and finally, the
nanoscale hollow Si obtained by magnesium reduction was mixed with the carrier CNTs
to obtain Si-CNTs. The morphology of the as-prepared Si-CNT composites was observed
using an SEM. Figure 2c is a low-magnification SEM image of Si-CNTs, and Figure 2d is
a high magnification SEM image of Si-CNTs. It can be seen from the figure that CNTs are
disorderly stacked three-dimensional structures, and hollow silicon spheres are uniformly
inserted into the CNTs. The nanotube-like structure can be observed from the SEM image
of single CNTs (Figure S5). Si thereby alleviates the expansion and contraction of the
Si material during charging and discharging, and finally enables the hollow Si material
to exert its capacity higher and improve the cycle performance. The crystal types and
molecular structures of the composites were analyzed by XRD and Raman spectroscopy,
respectively. As shown in Figure 2e, the prepared hollow Si spheres showed standard
diffraction peaks, and the diffraction peaks had a good correspondence with Si (ICDD-27-
1402). The diffraction peaks of CNTs are consistent with the former report and reflection of
graphite (ICDD-41-1487) [36]. For CNTs, the XRD curve shows only two broad diffraction
peaks, where the broad peak at 2θ = 25.46◦ corresponds to the (002) crystal plane of CNTs,
and the weak diffraction peak at 2θ = 43.06◦ corresponds to the (100) crystal plane of
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CNTs, indicating that CNTs have poor crystallinity [37,38]. The XRD diffraction peaks
of hollow Si correspond to the (111), (220), (311), (400), (331), and (422) crystal planes of
silicon. The XRD curve of the composite Si-CNTs shows the diffraction peaks of CNTs
and Si. In order to further confirm the distribution of the two in the Si-CNT composite,
we performed Raman spectroscopy. As shown in Figure 2f, CNTs exhibit two typical
diffraction peaks at 1345.7 cm−1 and 1602.2 cm−1, corresponding to the D peak and G peak
of carbon, respectively [39–43]. Si showed a strong diffraction peak near 520 cm−1, and
the Raman curve of Si-CNT composites showed characteristic peaks of both Si and CNTs,
indicating that we successfully prepared Si-CNT composites [44].

To evaluate the electrochemical properties of the as-synthesized hollow Si-CNT com-
posites, we assembled a coin-type half-cell. Figure S6 shows the CV curves of the hollow Si
electrode for the first three cycles at a scan rate of 0.1 mV/s. The tested voltages range from
0.01 V to 3.0 V, and each peak corresponds to a single electrochemical reaction with lithium
ions. Due to the formation of the SEI film on the anode surface, for the first cycle, it can be
seen that a small peak appears at about 1.00 V, corresponding to the formation of a thin
SEI layer of the SEI film on the anode surface [45–50]. However, this peak disappeared in
the subsequent cycles, indicating that an SEI film with excellent stability of nano hollow Si
spheres has been formed. In addition, the first cycle discharge curve shows the appearance
of two weak cathodic reduction peaks located near 0.33 V and 0.47 V, and the peak intensity
at 0.33 V and 0.47 V becomes more and more intense in the last two cycles of the first three
cycles. The larger it is indicating that the nanoscale hollow Si spheres gradually stabilize as
electrodes and the reaction intensify. In the next two turns of the discharge curve, a distinct
cathodic reduction peak was observed at 0.18 V, possibly corresponding to the formation of
a LixSi phase. The weak peak at 0.18 V during lithiation is mainly due to Li insertion [51,52].
Figure 3a shows the CV curves of the hollow Si electrode at different scan rates. As the scan
rate increases, the current intensity shows a trend of increasing gradually. The positions of
the redox peaks tend to be consistent at different scan rates, and the shapes of the cyclic
voltammetry curves remain consistent, indicating that the material has excellent stability
and reversibility.

Figure S7 shows the CV curves of the first three cycles of the Si-CNT electrode at
a scan rate of 0.1 mV/s. It can be observed that the CV curves of the last two cycles are
more overlapped than those of the pure Si material, indicating that the Si-CNT material
has a higher degree of overlap. Compared with pure hollow nano-Si spheres, stability
and reversibility of electrochemical reactions during battery charge and discharge have
improved. The peaks at 0.33 V and 0.47 V are increasingly strong, and obvious lithiation
and delithiation peaks are observed, especially the peak intensity at 0.47 V increases more
obviously, indicating that the redox reaction of the Si-CNT material electrode is sufficient.
The Si-CNT material is more stable than pure hollow Si. Figure 3b shows the cycling CV
curves of Si-CNT electrodes at different scan rates. The recorded curves show that the
anodic and cathodic currents are lower than before, which is possibly due to the capture of
charge carriers by the CNTs themselves during the electrochemical process. The amplitude
and intensity of these peaks increase with the scan rate, indicating a progressive activation
of the Si substrate. Figure 3c,d are the voltage-capacity curves of the hollow Si and Si-CNTs
at the current density of 200 mA g−1 for the 2, 20, 50, 60, 80, and 100 cycles. The SEI film
is formed to consume more Li+ in the first cycle, and the coulomb efficiency is low in the
first cycle, and in the next cycle, the coulomb efficiency is close to 100%. After 50 cycles,
the capacity of the Si-CNT material is 696 mAh g−1, pure Si’s capacity is 627 mAh g−1,
and the Si-CNT material exhibits excellent cycle performance. The voltage-capacity curves
of the 60th, 80th, and 100th cycles have a high degree of coincidence, indicating that the
electrode material has high reversibility. The capacity of the Si-CNT material increases
with the increase in the number of cycles since the silicon is encapsulated by carbon
nanotubes and gradually activated with the progress of the reaction. The improved cycling
performance of Si-CNTs is mainly due to silicon, because after lithiation, the volume
expansion of Si nanoparticles may lead to the pulverization of Si particles, thereby losing
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the electrical connection with the conductive agent. The CNTs facilitated the deposition of
hollow Si nanoparticles, alleviating the volume expansion. Second, the CNTs enhanced
the conductivity of the active material particles [53–58], which is consistent with the CV
measurements described above. Therefore, Si-CNT electrodes have increased cycling
stability compared with hollow Si electrodes.
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Figure 3. (a) CV curve of 50 nm Si at different scanning speeds. (b) CV curve of 50 nm Si-CNTs at
different scanning speeds. (c) Charge and discharge curves of 50 nm Si electrode at different cycling
number. (d) Charge and discharge curves of 50 nm Si-CNT electrodes at different cycling numbers.

Figure 4a is a schematic of the Si-CNT structure. The CNTs are tubular and intertwined
with hollow nano-Si spheres, which provide a certain expansion space for the hollow Si
spheres during charging and discharging. This limits the expansion space to a certain range
and is the purpose of controlling the excessive expansion of the Si material. We further
studied the electrochemical impedance in Figure 4b. The curve consists of two parts: the
high-frequency part is a semicircle, which represents the electron transport resistance, and
the low-frequency part is a diagonal line, which represents the ion diffusion resistance.
According to the fitting calculation, the Rct values of the hollow Si and Si-CNTs are 149.2 Ω
and 80.3 Ω, respectively, indicating that Si-CNT material has a higher electron transport
ability than pure Si material. In addition, the structural integrity of Si-CNTs also ensures the
stability of electron transport and ion transport channels. Figure 4c shows the rate maps of
Si-CNTs, Si, and CNTs, and the three electrode materials were subjected to charge–discharge
cycles at current densities of 0.05, 0.1, 0.2, 0.5, and 1.0 A g−1. CNTs contributed a lower
capacity, and the average discharge capacities of the hollow Si materials at different current
densities of 0.05, 0.1, 0.2, 0.5, and 1.0 A g−1 were 938, 712, 600, 494, and 407 mAh g−1,
respectively. The average discharge capacities of Si-CNT composites at different current
densities of 0.05, 0.1, 0.2, 0.5, and 1.0 A g−1 were 1203, 958, 769, 607, and 484 mAh g−1,
which were significantly higher than the Pure Si material. After the high-current charging
and discharging, the material electrode was continuously cycled at the current density of
0.5, 0.2, 0.1, and 0.05 A g−1, and the pure Si material was cycled at the current density of
0.05 A g−1. The capacity recovered to 514 mAh g−1, while that of the Si-CNTs recovered to
797 mAh g−1, further demonstrating the cycling stability and reversibility of the Si-CNT
material. Figure 4d shows the cycle performance of the electrodes of the three materials
at a current density of 0.2 A g−1. The coulombic efficiency of Si-CNTs/Si/CNTs is shown
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in Figure S8. After the initial few cycles, the coulombic efficiencies of the three electrodes
are close to 100%, but both Si and Si-CNT electrodes have a large capacity decay, which is
due to the formation of the SEI film in the initial stage of battery cycling, which consumes
capacity. When the number of cycles is 45 cycles, the capacity of the Si-CNT material
slowly stabilizes due to the particularity of the material structure, while the capacity of
the pure Si material is still attenuating. When the number of cycles is 94, the capacity of
the pure Si electrode remains at 505 mAh g−1, while the capacity of the Si-CNT material
is 830 mAh g−1; the capacity curve shows an upward trend, which is attributed to the
gradual activation of silicon wrapped by carbon nanotubes, increasing specific capacity.
The results demonstrate the increased structural stability of the Si-CNT material. Finally,
we compared the cycle performance of the solid silicon spheres by keeping the battery
test conditions unchanged and replacing the anode with solid nano-silicon spheres; the
cycle performance is shown in Figure S9. The initial specific capacity of the solid silicon
spheres is 1240.7 mAh g−1. After 80 cycles, only 302.1 mAh g−1 is obtained, and the
retention rate is 24.35%, which shows that the hollow structure is beneficial to alleviating
the volume expansion of silicon during the process of delithiation and intercalation. After
compounding the CNTs, the specific capacity and stability of the electrode were further
improved. The cycle performance comparison between our work and some of the currently
published work can be found in Table S1, which is superior to the cycling performance of
other solid silicon composite anodes.

3.  

 Fig 4 in manuscript Figure 4. (a) Hollow Si-CNT material structure model and EIS curve. (b) Rate performance. (c) Cycle
performance at 0.2 A g−1. (d) Si-CNT electrode.

4. Conclusions

In conclusion, nano-polystyrene microspheres are used as a template to synthesize
hollow silica, and then magnesium thermal reduction is used to obtain hollow silicon.
Subsequently, carbon nanotubes are used as carriers to support the hollow silicon as
a negative electrode material for LIBs. The hollow structure can reduce silicon spheres’
volume change during the lithium deintercalation process. After compounding with carbon
nanotubes, the bent carbon nanotubes encapsulate the hollow silicon spheres, further
constraining its problematic volume change. Electrochemical tests show that the Si-CNT
composites show improved stability (the capacity can reach 1188 mAh g−1 after 200 cycles)
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and rate performance (484 mAh g−1 at 1A g−1 and the capacity of the Si-CNTs recovered to
797 mAh g−1 after current densities of 0.05, 1.0, and 0.05 A g−1). All the above-mentioned
advantages make hollow silicon composite carbon nanotubes attractive as lithium-ion
battery anodes. In addition, the polystyrene microsphere template method introduced here
has the advantages of large-scale mass production and low cost. Combined with industrial
production techniques, Si-CNTs can be obtained with high efficiency and low cost, and
these above-mentioned advantages of the material illustrate the great potential and easily
attained practical applications.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/coatings12101515/s1, Figure S1: Synthesis method of
Si-CNTs composite material.; Figure S2: Thermogravimetric curves of PS and SiO2@PS in an air
atmosphere.; Figure S3:XRD patterns of hollow SiO2.; Figure S4: A model of the silicon crystal
structure.; Figure S5: SEM image of CNTs.; Figure S6: CV of the 50 nm hollow Si for the first three
cycles at a scan rate of 0.1 mV/s.; Figure S7: CV curves of the first three cycles of the Si-CNTs at a scan
rate of 0.1mV/s.; Figure S8: Columbic efficiency of these electrodes at 0.2A g−1.; Figure S9: Cycling
performance for solid nano-silicon spheres.; Table S1: Comparison of cycle performance of different
silicon-based anodes. References [59–62] are cited in the Supplementary Materials.
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MWCNT modification on structural and morphological properties of Li4Ti5O12. Diam. Relat. Mater. 2021, 113, 108276. [CrossRef]

37. Xue, H.; Gong, H.; Yamauchi, Y.; Sasaki, T.; Ma, R. Photo-enhanced rechargeable high-energy-density metal batteries for solar
energy conversion and storage. Nano Res. Energy 2022, 1, e9120007. [CrossRef]

38. Chen, B.; Wu, W.; Li, C.; Wang, Y.; Zhang, Y.; Fu, L.; Zhu, Y.; Zhang, L.; Wu, Y. Oxygen/phosphorus co-doped porous carbon from
cicada slough as high-performance electrode material for supercapacitors. Sci. Rep. 2019, 9, 5431. [CrossRef]

39. Safaei, J.; Wang, G. Progress and prospects of two-dimensional materials for membrane-based osmotic power generation. Nano
Res. Energy 2022, 1, e9120008. [CrossRef]

40. Cui, Z.; Kang, L.; Li, L.; Wang, L.; Wang, K. A combined state-of-charge estimation method for lithium-ion battery using
an improved BGRU network and UKF. Energy 2022, 259, 124933. [CrossRef]

41. Gu, J.; Peng, Y.; Zhou, T.; Ma, J.; Pang, H.; Yamauchi, Y. Porphyrin-based framework materials for energy conversion. Nano Res.
Energy 2022, 1, e9120009. [CrossRef]

42. Luo, F.; Feng, X.; Zeng, L.; Lin, L.; Li, X.; Kang, B.; Xiao, L.; Chen, Q.; Wei, M.; Qian, Q. In situ simultaneous encapsulation
of defective MoS2 nanolayers and sulfur nanodots into SPAN fibers for high rate sodium-ion batteries. Chem. Eng. J. 2021,
404, 126430. [CrossRef]

43. Zeng, L.; Fang, Y.; Xu, L.; Zheng, C.; Yang, M.; He, J.; Xue, H.; Qian, Q.; Wei, M.; Chen, Q. Rational design of few-layer MoSe2
confined within ZnSe-C hollow porous spheres for high-performance lithium-ion and sodium-ion batteries. Nanoscale 2019,
11, 6766–6775. [CrossRef] [PubMed]

44. Krajewski, M.; Liao, P.-Y.; Michalska, M.; Tokarczyk, M.; Lin, J.-Y. Hybrid electrode composed of multiwall carbon nanotubes
decorated with magnetite nanoparticles for aqueous supercapacitors. J. Energy Storage 2019, 26, 101020. [CrossRef]

45. Zhang, S.; Sun, L.; Fan, Q.; Zhang, F.; Wang, Z.; Zou, J.; Zhao, S.; Mao, J.; Guo, Z. Challenges and prospects of lithium-CO2
batteries. Nano Res. Energy 2022, 1, e9120001. [CrossRef]

46. Xie, S.; Li, Y.; Li, X.; Zhou, Y.; Dang, Z.; Rong, J.; Dong, L. Stable zinc anodes enabled by zincophilic Cu nanowire networks.
Nano-Micro Lett. 2022, 14, 39. [CrossRef]

47. Liang, G.; Li, X.; Wang, Y.; Yang, S.; Huang, Z.; Yang, Q.; Wang, D.; Dong, B.; Zhu, M.; Zhi, C. Building durable aqueous K-ion
capacitors based on MXene family. Nano Res. Energy 2022, 1, e9120002. [CrossRef]

48. Zong, W.; Guo, H.; Ouyang, Y.; Mo, L.; Zhou, C.; Chao, G.; Hofkens, J.; Xu, Y.; Wang, W.; Miao, Y.E. Topochemistry-driven
synthesis of transition-metal selenides with weakened Van der Waals force to enable 3D-printed Na-ion hybrid capacitors. Adv.
Funct. Mater. 2022, 32, 2110016. [CrossRef]

49. Lin, C.; Yang, X.; Xiong, P.; Lin, H.; He, L.; Yao, Q.; Wei, M.; Qian, Q.; Chen, Q.; Zeng, L. High-rate, large capacity, and long
life dendrite-free Zn metal anode enabled by trifunctional electrolyte additive with a wide temperature range. Adv. Sci. 2022,
9, 2201433. [CrossRef]

50. Jiang, L.; Dong, D.; Lu, Y. Design strategies for low temperature aqueous electrolytes. Nano Res. Energy 2022, 1, e9120003.
51. Zhang, Y.; Ren, J.; Xu, T.; Feng, A.; Hu, K.; Yu, N.; Xia, Y.; Zhu, Y.; Huang, Z.; Wu, G. Covalent bonding of Si nanoparticles

on graphite nanosheets as anodes for lithium-ion batteries using diazonium chemistry. Nanomaterials 2019, 9, 1741. [CrossRef]
[PubMed]

52. Zhang, Y.; Wang, Z.; Hu, K.; Ren, J.; Yu, N.; Liu, X.; Wu, G.; Liu, N. Anchoring silicon on the basal plane of graphite via
a three-phase heterostructure for highly reversible lithium storage. Energy Storage Mater. 2021, 34, 311–319. [CrossRef]

53. Li, L.; Ul Hasan, I.M.; Qiao, J.; He, R.; Peng, L.; Xu, N.; Niazi, N.K.; Zhang, J.; Farwa, F. Copper as a single metal atom based
photo-, electro-and photoelectrochemical catalyst decorated on carbon nitride surface for efficient CO2 reduction: A review. Nano
Res. Energy 2022, 1, e9120015.

54. Gao, F.; Mei, B.; Xu, X.; Ren, J.; Zhao, D.; Zhang, Z.; Wang, Z.; Wu, Y.; Liu, X.; Zhang, Y. Rational design of ZnMn2O4 nanoparticles
on carbon nanotubes for high-rate and durable aqueous zinc-ion batteries. Chem. Eng. J. 2022, 448, 137742. [CrossRef]

55. Zong, W.; Chui, N.; Tian, Z.; Li, Y.; Yang, C.; Rao, D.; Wang, W.; Huang, J.; Wang, J.; Lai, F. Ultrafine MoP nanoparticle splotched
nitrogen-doped carbon nanosheets enabling high-performance 3D-printed potassium-ion hybrid capacitors. Adv. Sci. 2021,
8, 2004142. [CrossRef]

56. Guo, F.; Zhang, M.; Yi, S.; Li, X.; Xin, R.; Yang, M.; Liu, B.; Chen, H.; Li, H.; Liu, Y. Metal-coordinated porous polydopamine
nanospheres derived Fe3N-FeCo encapsulated N-doped carbon as a highly efficient electrocatalyst for oxygen reduction reaction.
Nano Res. Energy 2022, 1, e9120027.

57. Yang, M.; Duan, C.; Zeng, X.; Li, J.; Liu, C.; Zeng, L.; Zhang, Y.; Wang, K.; Xi, H. Facile fabrication of nanoscale hierarchical porous
zeolitic imidazolate frameworks for enhanced toluene adsorption capacity. Rare Met. 2021, 40, 471–477. [CrossRef]

58. Li, X.; Li, Y.; Xie, S.; Zhou, Y.; Rong, J.; Dong, L. Zinc-based energy storage with functionalized carbon nanotube/polyaniline
nanocomposite cathodes. Chem. Eng. J. 2022, 427, 131799. [CrossRef]

59. Zhu, G.; Luo, W.; Wang, L.; Jiang, W.; Yang, J. Silicon: Toward eco-friendly reduction techniques for lithium-ion battery
applications. J. Mater. Chem. A 2019, 7, 24715–24737. [CrossRef]

60. Hu, L.; Luo, B.; Wu, C.; Hu, P.; Wang, L.; Zhang, H. Yolk-shell Si/C composites with multiple Si nanoparticles encapsulated into
double carbon shells as lithium-ion battery anodes. J. Energy Chem. 2019, 32, 124–130. [CrossRef]

http://doi.org/10.1016/j.diamond.2021.108276
http://doi.org/10.26599/NRE.2022.9120007
http://doi.org/10.1038/s41598-019-41769-y
http://doi.org/10.26599/NRE.2022.9120008
http://doi.org/10.1016/j.energy.2022.124933
http://doi.org/10.26599/NRE.2022.9120009
http://doi.org/10.1016/j.cej.2020.126430
http://doi.org/10.1039/C9NR00146H
http://www.ncbi.nlm.nih.gov/pubmed/30907895
http://doi.org/10.1016/j.est.2019.101020
http://doi.org/10.26599/NRE.2022.9120001
http://doi.org/10.1007/s40820-021-00783-4
http://doi.org/10.26599/NRE.2022.9120002
http://doi.org/10.1002/adfm.202110016
http://doi.org/10.1002/advs.202201433
http://doi.org/10.3390/nano9121741
http://www.ncbi.nlm.nih.gov/pubmed/31817700
http://doi.org/10.1016/j.ensm.2020.10.002
http://doi.org/10.1016/j.cej.2022.137742
http://doi.org/10.1002/advs.202004142
http://doi.org/10.1007/s12598-020-01455-9
http://doi.org/10.1016/j.cej.2021.131799
http://doi.org/10.1039/C9TA08554H
http://doi.org/10.1016/j.jechem.2018.07.008


Coatings 2022, 12, 1515 12 of 12

61. Sakuma, R.; Hashimoto, H.; Kobayashi, G.; Fujii, T.; Nakanishi, M.; Kanno, R.; Takano, M.; Takada, J. High-rate performance of
a bacterial iron-oxide electrode material for lithium-ion battery. Mater. Lett. 2015, 139, 414–417. [CrossRef]

62. Chen, D.; Liao, W.; Yang, Y.; Zhao, J. Polyvinyl alcohol gelation: A structural locking-up agent and carbon source for Si/CNT/C
composites as high energy lithium ion battery anode. J. Power Sources 2016, 315, 236–241. [CrossRef]

http://doi.org/10.1016/j.matlet.2014.10.126
http://doi.org/10.1016/j.jpowsour.2016.03.051

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the PS Microsphere 
	Preparation of Hollow Si and Hollow Si/CNT Composite 
	Material Characterizations 
	Preparation of Electrodes 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

