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Silicon-encapsulated hollow carbon nanofiber networks with ample space around the Si nanoparticles (hollow Si/C composites)
were successfully synthesized by dip-coating phenolic resin onto the surface of electrospun Si/PVA nanofibers along with the
subsequent solidification and carbonization. More importantly, the structure and Si content of hollow Si/C composite nanofibers
can be effectively tuned by merely varying the concentration of dip solution. As-synthesized hollow Si/C composites show
excellent electrochemical performance when they are used as binder-free anodes for Li-ion batteries (LIBs). In particular, when
the concentration of resol/ethanol solution is 3.0%, the product exhibits a large capacity of 841mAh g−1 in the first cycle, prominent
cycling stability, and good rate capability. The discharge capacity retention of it was ∼90%, with 745mAh g−1 after 50 cycles. The
results demonstrate that the hollow Si/C composites are very promising as alternative anode candidates for high-performance LIBs.

1. Introduction

Tomeet the increasing demands of rapidly developingmarket
from cell phone to electric vehicles for the Li-ion batter-
ies (LIBs), new anode materials with higher capacity have
attracted significant attention. Graphite, the most commonly
used commercial anode material, has low theoretical specific
capacity (372mAh g−1) and poor rate capability. Silicon is
considered as one of the most attractive and promising
alternative anode materials to replace graphite in LIBs in the
coming decades in virtue of its fascinating performance, such
as relatively low working potential (∼370mV versus Li/Li+),
rich abundance in earth, environmental benignity, and espe-
cially the highest theoretical capacity of 4212mAh g−1 among
the existing anode materials [1]. However, there still exist
several challenges which restrict the commercialization of
such silicon anodes. Firstly, the large volumetric expansion
(∼400%) of silicon anodes upon the lithiation results in

high internal stress, causes mechanical fracture and pul-
verization of electrode and subsequent losses of electrical
contact between the active material and current collector,
and leads to poor reversibility and rapid fading of capacity.
Secondly, the huge and repeated volume change during the
charge/discharge process prevents the formation of a layer
of stable solid electrolyte interface (SEI). Hence it can easily
continuously grow through the cracks till being too thick
for Li-ions to diffuse through, and in turn results in a low
Coulombic efficiency and a decrease in capacity. Moreover,
silicon anodes possess poor electrical conductivity [2, 3].
Such drawbacks lead to serious capacity fade during cycles
and thus hinder the practical applications of silicon anodes.

In order to address abovementioned challenges, it would
be crucial to release the mechanical strains, as well as reduc-
ing the diffusion length of Li-ions in Si electrode materials
during charge/discharge process. Nanostructured Si would
be a good solution. So far, many nanostructured silicon
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and Si-based composites with various morphologies, such as
nanoparticles [4–10], porous nanoparticles [11, 12], nanofilm
[13–18], nanotubes [19–21], nanofibers [2, 22–37], and core-
shell structures [3, 38–42] have been prepared and evaluated.
Among them, one-dimensional (1D) nanostructured Si or Si-
containing nanotubes, nanofibers, and core-shell structures
showed very good electrochemical performance in virtue of
the enhanced electric conductivity of the 1D nanostructures.
Furthermore, they could easily form three-dimensional (3D)
interconnected networks to buffer the huge volume changes
of active Si, thereby preventing the degradation of the
electrode integrity and the breakdown of electric conductive
networks. However, such 1D silicon nanostructures were
usually synthesized by using toxic SiH

4

as silicon precursor
and costly Au particles as catalysts [22, 24, 39, 40]. Moreover,
the synthesis of them seemed to be too elaborate and
suffered from low yield. Thus, the most straightforward
and practical approach recently to overcome these short-
comings is to directly utilize the commercially available Si
nanoparticles incorporated into carbon matrix, for example,
carbon nanofibers via electrospinning method [26–29, 31–
34]. Such products are typical interconnected nonwoven
nanofiber networks with good mechanical integrity. The
as-prepared free-standing fabrics can be directly used as
anodes for LIBs without adding any other polymeric binders
or conductive additives. They could increase the effective
electrode-electrolyte interface area, facilitate the high-speed
electron transport, and hold great potential to enhance the
electrochemical performance. Nevertheless, in fact, their
cycle stability is still inferior because the direct contact of
carbon with silicon has the limited buffer capability, which
is difficult to cope with about 400% of volume expansion.

More recently, to improve the cycling stability of sil-
icon anode materials, some new nanostructures with Si
nanoparticles encapsulated in continuous hollow carbon
tubes have gained much attention due to the enhanced
electrical conductivity and stable solid electrolyte interface
(SEI). Moreover, particularly, the ample empty space inside
the hollow tubes among the silicon nanoparticles allowed for
silicon nanoparticles expansion freely during electrochemical
cycling, supporting a stable cycling of the entire electrode as
well as high charge and discharge rates [2, 3, 35–37, 42]. In
addition, it is known that the low-cost phenolic resin (i.e.,
resol) has high carbon yield (over 50%) during carbonization
and good anodic performance for LIBs by exhibiting a high
reversible capacity of 550mAh g−1 [43]. More importantly,
the resol could be solidified by occurrence of polycondensa-
tion reaction thus keeping the original morphology bymeans
of solidification process. It is very favorable to generate the
tubular nanostructure.

With a motivation to further increase the cycling stability
of the silicon anode materials, in this work, we put forward
a facile strategy to synthesize novel silicon-encapsulated
hollow carbon nanofiber networks with ample space around
the Si nanoparticles (hollow Si/C composites) by dip-coating
resol on the surface of electrospinning Si/PVA nanofibers
along with the subsequent solidification and carbonization.
These freestanding membranous hollow Si/C composites can

be used directly as anodes for LIBswithout adding any carbon
conductors or polymer binders. The as-prepared hollow
Si/C composites display a high electrochemical performance
with excellent cycle stability of ∼90% of discharge capacity
retention after 50 cycles.

2. Experimental

2.1. Materials Synthesis. Firstly, polyvinyl alcohol (PVA,
molecule weight = 80000) and deionized water were mixed
in the ratio of 15 g PVA/135 g water. The mixture was stirred
in water bath at 90∘C for 2 h to form a homogenous
solution. Meanwhile, silicon nanoparticles (n-Si, 0.04mol,
average particle size of 80 nm) were dispersed in deionized
water (10mL) with sodium linear alkylbenzenesulfonate by
ultrasonication and magnetically stirred for 2 h. Then, the
suspension and the former solution were mixed and agitated
for 12 h to be used for the precursor of electrospinning for
Si/PVA nanofibers.

A needle, with the inner diameter of 1mm,was connected
to a high voltage DC power and vertically clamped on
an insulating glass stick. A piece of graphite paper was
used as the collector. The height of the needle and the
distance between the needle and the collectorwere adjustable.
Typically, 20 kV of high positive voltage was adopted and the
distance between the needle and collector was 15 cm. The
precursor solution was electrospun into fiber networks at a
constant flow rate of 1.0mL h−1. Then the Si/PVA nanofibers
fabric was dipped into resol (thermosetting phenolic resin,
molecule weight = 2080)/ethanol solution for 5 seconds to
obtain the Si/PVA-Resol composites (abbreviated as Si/PVA-
Resol-𝑛 in text, 𝑛 represents concentration of resol/ethanol
solution (%)). Afterwards, the as-prepared Si/PVA-Resol
composites were treated in air by a typical solidification
process and then carbonized in Ar at 600∘C for 1 h with
a heating rate of 5∘Cmin−1 to finally acquire the silicon-
encapsulated hollow carbon nanofiber networks (i.e., hollow
Si/C composites, denoted asH-Si/C-𝑛, where 𝑛 represents the
concentration of resol/ethanol solution (%)). The solidifica-
tion process was performed according to a stepwise heating
curing process, that is, the reaction time shortened with
increasing temperature, while the low temperature reaction
held for a long time. The total cure duration was about 25 h
when heating the samples in air from room temperature up
to 180∘C.

2.2. Materials Characterization and Electrochemical Evalua-
tion. The morphology and microstructure of samples were
characterized using a scanning electron microscope (SEM,
LEO 1530, Germany) and a transmission electronmicroscopy
(TEM, JEOL 2010, Japan). Raman spectroscopy (Renishaw
Invia RM200, England) was employed to study the structure
of Si/PVAnanofibers. X-ray powder diffraction (XRD,Rigaku
D/Max 2500PC, Japan) was used to characterize the crystal
structures of the Si/PVA nanofibers and hollow Si/C com-
posites. Thermogravimetric analysis (TGA) was performed
to ascertain the carbon yield and Si content of samples on
a TA instrument SDT-Q600 with temperature increments of
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10∘Cmin−1 in Ar and air atmosphere. The specific surface
area of samples was evaluated byN

2

adsorptionmeasurement
on a Belsorp Max apparatus (Japan) and determined by
Brunauer-Emmett-Teller (BET) method.

The electrochemical performance was characterized by
galvanostatic cycling and cyclic voltammetry at room tem-
perature in a half cell, in which lithium foil was used as
the counter electrode and 1M LiPF

6

was dissolved in a
mixture of ethyl carbonate (EC) and dimethyl carbonate
(DMC) (1 : 1, v/v) as the electrolyte. The samples were used
as working electrode directly without adding any nonactive
materials such as polymer binders or electronic conductors.
Celgard 2400 was used as separator. The test cells were
galvanostatically cycled between 0.01 V and 1.5 V versus
Li+/Li to evaluate the electrochemical performance (LAND
battery tester, Wuhan Jinnuo Electronics Co., Ltd.). Cyclic
voltammetry was measured between 0.01 V and 1.50V versus
Li+/Li at a scan rate of 0.1mV s−1 by an electrochemical
workstation Im6ex (ZAHNER, Germany).

3. Results and Discussion

3.1. Materials Characterization. The strategy to design and
fabricate the silicon-encapsulated hollow carbon nanofiber
networks is schematically illustrated in Figure 1(a). Three
simple yet critical steps are adopted in the present strategy.
Firstly, the Si/PVA nanofibers to form Si-containing hollow
tubular cavity were prepared using electrospinning and the
morphology of them is present in Figure 1(b). It can be seen
that Si/PVA nanofibers exhibit interconnected nonwoven
nanofibrous structure.They have smooth, clean surfaces with
diameters varying from tens to hundreds of nanometers
and length of hundreds of microns. Such a high aspect
ratio may provide considerable specific surface area for high
mass uptake of resol deposits. Secondly, the Si/PVA-Resol
composites were prepared by dip-coating a layer of resol
onto the surface of Si/PVA nanofibers. To modulate the
mass loading of resol deposits on the Si/PVA nanofibers
surface, different concentrations of resol/ethanol solutions
were undertaken to dip. As expected, it is clearly seen from
Figure 1(c), by increasing the concentration of resol/ethanol
solution, that the color of Si/PVA-Resol composites gets
darker after solidification, indicating the increase of loading
amount of resol. In addition, it is worthwhile to point out that,
just after 5 seconds of dip-coating, there are large amounts
of resol coated on the surface of Si/PVA nanofibers (inset
of Figure 1(c)). The rapid and uniform formation of resol
deposits on the Si/PVA nanofibers can be attributed to the
high specific surface area (156m2 g−1) and turbostratic struc-
ture of Si/PVA nanofibers, which can provide more active
sites for deposition. Raman spectrum shown in Figure 1(e)
confirms the characteristic of amorphous structure of Si/PVA
nanofibers, which show a relatively high intensity ratio of
disorder induced band (D-peak) and graphite band (G-
peak) (𝐼D/𝐼G = 1.77). Finally, hollow Si/C composites were
obtained by solidification and carbonization of Si/PVA-Resol
composites. After the elaborate control of solidification and
carbonization processes, original PVA located in core of

Si/PVA-Resol composites could be removed by decomposi-
tion, and solid resol shell will turn to tubular carbon and form
triaxial interconnected hollow carbon nanofiber networks.
This unique architecture can encapsulate Si nanoparticles
into triaxial interconnected hollow carbon tubes and provide
ample empty space around Si nanoparticles. Hence it can
not only enhance electrical conductivity and stabilize solid
electrolyte interface (SEI) but also allow for silicon expansion
freely during electrochemical cycling, supporting a stable
cycling of the entire electrode as well as high charge and
discharge rates. The macrograph of the H-Si/C-3 was shown
in Figure 1(c). Apparently, H-Si/C-3 has reserved the free-
standingmembranemacrostructure. As formicrostructure of
H-Si/C-3 (Figures 1(d) and 2(b)), it can be seen that H-Si/C-
3 exhibits triaxial interconnected fiber networksmorphology,
with diameters ranging from tens to hundreds of nanometers.
The Si nanoparticles with diameters around 50∼100 nm were
encapsulated in hollow carbon fibers and the wall thickness
of hollow fibers is around 10∼20 nm. Moreover, to ascertain
the silicon in the hollow Si/C composites, X-ray diffractions
(XRD) were performed. As shown in Figure 1(f), the broad
peaks of all samples with 2𝜃 around 23∘ demonstrate the
existence of disordered amorphous carbon. Five obvious
diffraction peaks with 28.4∘, 47.3∘, 56.1∘, 69.1∘, and 76.4∘ can
be assigned to the pure crystalline silicon element, which
represent (111), (220), (311), (400), and (311) planes of Si
crystallites (JCPDS no. 27-1402), respectively. Furthermore,
interestingly, for hollow Si/C composites, characteristic peaks
at 26.5∘ appear which can be indexed to the (002) plane of
graphite, and the intensity of diffraction peaks of it increases
at higher concentration of dip solution, which exhibits the
increase of carbon content in hollow Si/C composites [10].

Figures 2(a)–2(d) show the magnified SEM images of
hollow Si/C composites. Triaxial interconnected nanofiber
networks were obtained for all hollow Si/C composites. The
concentration increase of dip solution definitely affected the
morphology of the resultant nanofiber networks. In the case
of H-Si/C-1, the tubular structure was broken and collapsed
seriously on account of the lack of resol coating. With the
increase of the dip solution concentration from 3% to 10%
for H-Si/C-3, H-Si/C-5, and H-Si/C-10, it can be seen that
the integrated nanofiber networks and the wall thickness of
them become thicker. This phenomenon is also confirmed
by TEM observation. In Figure 2(e), it is found that H-
Si/C-1 was a solid Si/C nanofiber, and there was no residual
space around the silicon nanoparticles. For H-Si/C-3, H-
Si/C-5, and H-Si/C-10 (Figures 2(f)–2(h)), they have typical
tubular morphology and wall thickness arises apparently
from around 20 nm for H-Si/C-3 to around 100 nm for H-
Si/C-10. Furthermore, it can be seen from inset of Figures 2(g)
and 2(h) that well-stacked sheets along the in-plane direction
as well as the random orientations in the wall are observed
indicating a graphitic shell for H-Si/C-5 and H-Si/C-10. This
is in good agreement with the XRD analysis.

The carbon yield and silicon content of the hollow
Si/C composites were characterized by TGA. As shown in
Figure 3(a), the final residual weight of the hollow Si/C
composites at 600∘C in Ar atmosphere increases with the
increase of the concentration of dip solution. Figure 3(b)
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Figure 1: (a) Schematic illustration of the formation of the hollow Si/C nanofiber networks; (b) SEM image of Si/PVA nanofibers; (c) a
macrograph of the Si/PVA-Resol composites after solidification and hollow Si/C composites (inset is SEM image of Si/PVA-Resol-3). A is
Si/PVA-Resol-1,B is Si/PVA-Resol-3,C is Si/PVA-Resol-5,D is Si/PVA-Resol-10, andE is H-Si/C-3; (d) SEM image of H-Si/C-3; (e) Raman
spectrum of the Si/PVA nanofibers; (f) XRD patterns of Si/PVA nanofibers and hollow Si/C composites.
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Figure 2: Magnified SEM images of hollow Si/C composites, (a) H-Si/C-1, (b) H-Si/C-3, (c) H-Si/C-5, and (d) H-Si/C-10. TEM images of
hollow Si/C composites, (e) H-Si/C-1, (f) H-Si/C-3, (g) H-Si/C-5, and (h) H-Si/C-10 (insets in (g) and (h) are HRTEM images of H-Si/C-5
and H-Si/C-10, resp.).
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Table 1: The physical and electrochemical properties of different hollow Si/C composite nanostructures.

Sample Si content (%) SSAa (m2 g−1)
Theoretical
capacity
(mAh g−1)

1st cycle reversible
capacity (mAh g−1)

1st cycle CEb

(%)
50th cycle reversible
capacity (mAh g−1)

H-Si/C-1 17.3 177.3 1181 913 48 567
H-Si/C-3 13.0 273.7 1025 841 58 745
H-Si/C-5 9.3 332.8 889 626 50 652
H-Si/C-10 8.0 274.8 842 579 54 493
aSpecific surface area (SSA) was calculated by the Brunauer-Emmett-Teller (BET) method.
bThe columbic efficiency (CE).
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Figure 3: Thermogravimetric analysis (TGA) profiles of different hollow Si/C composites in (a) Ar and (b) air atmosphere.

presents the TGA results of the hollow Si/C composite from
25∘C to 600∘Cunder air atmosphere. In air atmosphere, above
400∘C, the silicon can be oxidized to silica, while the carbon
would be evolved to CO

2

. Thus the content of silicon can be
calculated from the content of highly thermal stable SiO

2

[3,
26, 37]. The final results of silicon content were summarized
in Table 1. Obviously, for increase of the relatively content of
carbon, the content of silicon was decreased by increasing of
the concentration of dip solution.These results suggested that
we can effectively regulate the relatively content of carbon and
silicon by changing the concentration of dip solution.

3.2. Electrochemical Evaluations. The electrochemical behav-
iors of hollow Si/C composites were evaluated using deep
galvanostatic charge/discharge cycles and cyclic voltammetry
(CV) from 0.01 to 1.50V. The collected free-standing silicon-
encapsulated hollow carbon nanofiber networkswere directly
used as anodes in LIBs, without using copper current col-
lector and adding any other polymeric binders or conduc-
tive additives. It could remarkably facilitate the high-speed
electron transport, hold great potential to enhance the elec-
trochemical performance, simplify the preparation process of
electrode, and reduce the cost. The cycling performance of

hollow Si/C composites at a charge/discharge current density
of 100mAg−1 is illustrated in Figure 4(a). It is clear that H-
Si/C-3 shows the largest capacity and good cycling stability
superior to the H-Si/C-1, H-Si/C-5, and H-Si/C-10. And the
first cycle reversible capacitywas 841mAh g−1 based on all the
Si and carbon mass, which is more than twice that of tradi-
tional graphitic anodes (372mAh g−1). Furthermore, H-Si/C-
3 showed an excellent cycling stability and discharge capacity
retention of about 89% after 50 cycles, with 745mAh g−1 in
the 50th cycle. In addition, as deduced from Figure 4(a), with
the increase of concentration of dip solution, the hollow Si/C
composites exhibit decreased first cycle reversible capacity.
This can be attributed to the decrease of weight percentage of
Si with the increase of concentration of dip solution. Based on
the capacity from pure Si and carbon, the theoretical capacity
(𝐶

𝑡

) of hollow Si/C composites was calculated according to
the following equation and the results were summarized in
Table 1:

𝐶

𝑡

= 𝐶Si𝑊Si + 𝐶C𝑊C, (1)

where 𝐶Si and 𝐶C denote the theoretical capacity of Si
(4200mAh g−1) and resol-derived carbon (550mAh g−1)
[43], respectively.𝑊Si and𝑊C are the weight percentages of Si
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Figure 4: (a) Cycling performance of hollow Si/C composites; (b) cyclic voltammograms, (c) charge/discharge curves, and (d) rate
performance of H-Si/C-3.

and carbon, respectively. The first cycle reversible capacity of
H-Si/C-1, H-Si/C-3, H-Si/C-5, andH-Si/C-10 was about 77%,
82%, 70%, and 69% of their theoretical capacity, respectively.

These results indicate that hollow Si/C composites, espe-
cially H-Si/C-3, arouse the electrochemical potential of Si
efficiently as well as improving the structural stability of the
Si-containing anode materials. H-Si/C-1 shows the highest
theoretical capacity and initial reversible capacity but a
worse cycling performance than H-Si/C-3, H-Si/C-5, and H-
Si/C-10. The 50th cycle discharge capacity of H-Si/C-1 was
567mAh g−1, yielding capacity retention only about 62%. It is
because the tubular nanostructure of H-Si/C-1 was crumpled
up due to lack of resol, becoming solid Si/C nanofibers,
thus no residual space around the silicon nanoparticles for

expansion during charge-discharge process. In a word, the
concentration of dip solution has an optimum value for
hollow Si/C composites. If the concentration of dip solution is
too high, it will cause the decrease of Si weight percentage and
the increase of the carbon wall thickness accordingly. On the
contrary, the decrease of the dip solution concentration will
lead to the collapse of the tubular nanostructure due to the
lack of enough resol. Therefore, we can effectively coordinate
the structure and Si content of hollow Si/C composites by
merely varying the concentration of dip solution to obtain
good electrochemical performance.

Figure 4(b) shows the CVs for the 1st, 2nd, and 3rd
cycles of H-Si/C-3 electrode in lithium ion half cells, in
which a lithium foil was used as the counter and reference
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electrode. In the first cycle, a broad peak ranging from
0.3 to 0.8V in the reduction process, which disappears at
the second and third cycle, corresponds to SEI formation
on the electrode surface due to electrolyte decomposition.
The distinct peak around 0.1 V demonstrates the alloying
process of Si nanoparticles with lithium ions. In the oxidation
process, a broad oxidation peak which corresponds to the
lithium extraction from H-Si/C-3 is located at 0.2–0.4V and
becomes more distinct after the first cycle [10]. Figure 4(c)
shows the typical galvanostatic charge/discharge curves of
H-Si/C-3 anode for the initial three cycles and 50th cycle
at a current density of 100mAg−1. The voltage has a sharp
drop to a relatively potential plateau at 0.3–0.8V in the
first cycle, which is associated with the formation of solid
electrolyte interphase (SEI) film on the electrode due to the
decomposition of electrolyte [26, 36, 37].The initial discharge
capacity of H-Si/C-3 is as high as 1450mAh g−1 and yields
609mAh g−1 of irreversible charge capacity. The columbic
efficiency of it is 58%. The large initial irreversible capacity
can be mainly ascribed to the formation of SEI layer at the
surface ofH-Si/C-3 and/or the irreversible side reactionswith
the electrolyte [36]. Nevertheless, the columbic efficiency in
the second cycle and thereafter increases over 95% and a
stable capacity is achieved. The rate capability of H-Si/C-3
was further investigated. As depicted in Figure 4(d), H-Si/C-
3 anode delivers a capacity of 847mAh g−1 at 100mAg−1,
674mAh g−1 at 200mAg−1, 532mAh g−1 at 500mAg−1, and
480mAh g−1 at 1000mAg−1. The capacity can be recovered
to 681mAh g−1 when the current density is turned back
to 100mAg−1, indicating good cycling stability and rate
capability.

The outstanding electrochemical properties of silicon-
encapsulated hollow carbon nanofiber networks can be
attributed to its unique 3D interconnected tubular hollow
nanostructure encapsulated silicon nanoparticles with ambi-
ent empty space. Firstly, the hollow Si/C composites electrode
contained plenty of void spaces around Si nanoparticle,
which can effectively prevent damage of whole electrode by
allowing Si nanoparticle to expand freely without mechanical
constraint during lithiation process, enabling a stable electro-
chemical cycle performance and excellent rate performance.
Secondly, the triaxial interconnected conducting nanofibrous
networks constituted by carbon tubes and lack of insulating
binders can remarkably enhance the conductivity of elec-
trode, which will ensure a fast electron transfer for rapid
Faradic reaction, and shorten the ionic transport length as
well. Lastly, the encapsulation with hollow carbon nanofibers
defends silicon nanoparticles against direct contact with the
electrolyte; thus stable SEI can be obtained during cycling.

4. Conclusions

Silicon-encapsulated hollow carbon nanofiber networks with
plenty of space around the Si nanoparticles were successfully
prepared by dip-coating resol on the surface of electrospin-
ning Si/PVAnanofibers and the subsequent solidification and
carbonization processes. By simply varying the concentration

of dip solution, we can effectively tune the structure and
Si content of hollow Si/C composites and acquire promi-
nent electrochemical performance. As binder-free anodes for
LIBs, H-Si/C-3 shows a high capacity of 841mAh g−1 in the
first cycle, prominent rate capability, and excellent cycling
stability. The discharge capacity retention of H-Si/C-3 was
∼90%, with 745mAh g−1 after 50 cycles. It demonstrates that
the hollow Si/C composites are very promising as alternative
anode candidates for high-performance LIBs. Furthermore,
this study also provides a new insight that the triaxial inter-
connected tubular hollow nanostructure is a good solution
for other LIBs electrodes that suffer from volume expansion
or unstable interfacial properties with electrolytes, such as Sn
and metal oxides anodes.
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