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A B S T R A C T

Silicon (Si)/carbon nanocomposites have attracted extensive interests as emerging electrode materials in li-
thium-ion batteries (LIBs) due to their numerous premium features of high capacity, good conductivity, excellent
ductility and long cycle life. Herein, we introduce a novel nitrogen-doped porous carbon fiber framework en-
trapped with Si nanoparticles (Si@NPCNF) by an improved electrospinning strategy with an in-situ reaction bath
of pyrrole as the special collector. It is interesting that the in-situ collected polypyrrole (PPy) coated Si/PMMA
precursor fibers show uniform diameter around 1.2–1.5 μm with three-dimensional (3D) interconnected porous
structures. After heat treatment at 850 °C, the resulted Si@NPCNF nanocomposite with high porosity and large
surface area, can effectively relieve the severe volume expansion of silicon to reduce the pulverization of Si
anode during the discharge/charge processes. Furthermore, the thin N-doped carbon layer derived from PPy can
largely improve the conductivity of Si anode and shorten the Li+ diffusion distance. Meanwhile, the 3D porous
structure can efficiently prevent Si from directly contacting with electrolyte to improve the cycling stability of
LIBs. Therefore, the Si@NPCNF nanocomposite exhibits outstanding electrochemical performance which de-
livers a high initial capacity of 1521mA h g−1 at 0.1 A g−1, a good rate capability of 648mA h g−1 at 2 A g−1

and excellent cycle stability of 515.5mA h g−1 after 200 cycles at 1 A g−1, being promising as a high-perfor-
mance anode material for lithium-ion batteries.

1. Introduction

Nowadays, lithium-ion batteries (LIBs) have been considered as one
kind of the most promising energy storage devices due to their excellent
environmental compatibility, long cycle life, low self-discharge and
high energy density [1–3]. As a result, they have become common
power sources in all aspects of life, such as mobile electronic equip-
ment, electric vehicles, and large-scale stationary energy storage sys-
tems [4,5]. Traditionally, graphite is the commercialized anode mate-
rial for LIBs, which is however limited to its low theoretical capacity of
372mA h g−1 [6–8]. Thus, researchers have been actively worked on
finding new electrode materials with even higher specific capacity,
energy density and cyclability, along with lower cost and security risks
to meet the rapid development of modern technology [9,10].

Among various emerging anode materials, silicon (Si) is considered
as one of the most promising materials to replace graphite. With

environmental friendliness and abundant reserves in nature, Si exhibits
an extremely high theoretical capacity of 4200mA h g−1 and a rela-
tively low working potential of 0.2 V (vs Li/Li+) [11–15]. Nevertheless,
Si electrodes cannot be used on large scales in commercial applications,
owing to their poor electrical conductivity (i.e., 10−5–10−3 S cm−1

under 25 °C) and large volume changes of 300–400% upon cycling [16].
These defects lead to the fact that the electrode materials are easily
pulverized with serious capacity fading during alloying/dealloying
processes. Furthermore, the unstable solid electrolyte interphase (SEI)
film in turn accelerates the electrode destruction. Scientists have de-
monstrated that the large volume variations of the negative Si electrode
would largely reduce the electrical contacts between the current col-
lectors and active electrode materials, which further accelerates the
irreversible side reactions with organic electrolyte [17]. Eventually
after long-term cycling, the repeated volume changes may gradually
crash the Si matrix, thereby leading to low cycling efficiency,
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permanent capacity loss or even failure of the battery.
To eliminate the negative effects of its volume change, numerous

efforts have been devoted in the development of Si-based composite
electrodes with particular structures [15,16,18–22], such as porous Si
nanoparticles, Si alloys, Si/carbon composites, Si/graphene composites,
Si nanowires, and Si thin films. Although significant breakthroughs
have been achieved in the improvement of the cycle life and rate cap-
abilities of Si, many hindrances still exist to be overcome, especially the
huge volume expansion upon alloying/dealloying of Si anodes
[11,13,15,23,24]. The electrochemically inactive silicides in Si alloy
anodes are reported to effectively reduce the volume changes and in-
hibit the pulverization of Si. However, the problems of mechanical
fracture and growing side reactions of Si alloys, as well as the high cost
of metals, have hindered their large-scale applications [25]. In com-
parison, porous carbon in Si/C composites can not only improve the
electrical conductivity of Si anodes, but also act as the buffering sub-
strates for Si expansion [26–30]. Nevertheless, the problems of the re-
formed SEI film and exhausted electrolyte due to the repeated cycling of
the Si anode still exist. In order to make full use of the silicon anode
with high theoretical capacity and further improve the cycling stability
of LIBs, it is highly desirable to develop Si/C composites with unique
porous structures, which can provide adequate void spaces for Si ex-
pansion as well as prevent Si from directly contacting and consuming
the electrolyte to form stable SEI films.

In addition to the effective containment of the volume expansion by
constructing porous carbonaceous materials [31], the heteroatom
doping has been also found to effectively modify the functional groups
on the surface of the carbon layer [32–35]. As a result, the electrical
conductivity and storage capacity of carbonaceous materials will be
significantly improved. Herein, one-dimensional (1D) Si-encapsulated
polyvinyl pyrrolidone/polymethyl methacrylate (Si/PVP/PMMA)
composite fibers have been directly electrospun into an in-situ reaction
collection bath of pyrrole. Thus, the facile dissolution of PVP and in-situ
polymerization of pyrrole on the surface of Si/PMMA fibers have been
simultaneously realized to obtain polypyrrole (PPy) coated Si/PMMA
(Si/PMMA@PPy) composite fibers with unique porous structures as
illustrated in Fig. 1. Subsequently, the thermal treatment of Si/PMMA@
PPy was carried out to prepare the PPy-derived nitrogen-doped porous
carbon fiber framework entrapped with Si nanoparticles, which is de-
noted as Si@NPCNF. It is interesting that the three-dimensional (3D)
interconnected porous structure has been totally duplicated by the PPy-
derived NPCNF framework, which is expected to behave as both the
conductive and buffering template providing favorable conductive
pathway for Li+ diffusion and abundant voids to accommodate the
huge volume change of Si nanoparticles. Benefiting from the advanta-
geous features of high porosity and good conductivity within the 3D
porous substrate, the Si@NPCNF composite exhibits excellent electro-
chemical performances as the anode material for LIBs, such as high
initial capacity, long-term cycle stability, and excellent rate capability.

2. Experimental section

2.1. Materials

PVP (Mw≈ 1,300,000), PMMA (Mw≈ 350,000) and pyrrole were
purchased from Sigma-Aldrich. Si nanoparticles were obtained from
Shanghai St-Nano Science and Technology Co., Ltd. FeCl3 and N,N-
Dimethylformamide (DMF) were supplied by Sinopharm Chemical
Reagent Co., Ltd. All the chemicals were of analytical grade and used
without further purification.

2.2. Preparation of Si@NPCNF nanocomposites

First, Si nanoparticles, PVP, PMMA and DMF were mixed in glass
bottles at different mass ratios of 1:4:16:180, 3:4:16:180 and
5:4:16:180, respectively, and stirred at room temperature for 12 h to
obtain the precursor solutions with uniform dispersion of Si nano-
particles. After that, the precursor solution was loaded into a syringe
equipped with a 0.5mm needle and directly electrospun into the
deionized water bath collector to prepare hydrophilic Si/PMMA fibers.
During the electrospinning process, a voltage of 15 kV and a feeding
rate of 0.8 mmmin−1 were applied to the spinneret.

As PPy is one of the most commonly used N-rich conducting poly-
mers, the as-spun Si/PMMA fibers were also directly collected in an
aqueous acidic solution of pyrrole (0.7 mgmL−1 in 1M hydrochloric
acid) first. Then, 15mM FeCl3 was slowly added to the above solution
to initiate the in-situ polymerization of pyrrole. The reaction was al-
lowed to further proceed for 12 h at 2 ± 1 °C, thus resulting in the final
product of Si/PMMA@PPy, in which PVP was already dissolved and
removed by water. Subsequently, the products were calcinated under
Ar atmosphere at 850 °C for 2 h to make PMMA completely decomposed
and PPy converted into N-doped carbon fiber framework. As a result,
the Si@NPCNF nanocomposites containing different loading amounts
of Si nanoparticles are obtained, which are signed as Si-1@NPCNF, Si-
2@NPCNF, Si-3@NPCNF, respectively. The NPCNF composite without
Si nanoparticles was also prepared by the same method as illustrated in
Fig. 1.

2.3. Characterizations

Morphology of the samples was observed with field-emission scan-
ning electron microscope (FESEM, Ultra 55) and transmission electron
microscope (TEM, Tecnai G2 20 TWIN). X-ray diffraction (XRD) pat-
terns were obtained using an X'Pert PRO X-ray diffractometer at a
current of 40mA and voltage of 40 kV with Cu Kα radiation. X-ray
photoelectron spectroscopy (XPS) was measured by Thermo Scientific
ESCALAB 250Xi equipped with Al Kα X-ray source at an energy of
1486.6 eV. Brunauer-Emmett-Teller (BET) nitrogen adsorption/deso-
rption isotherms were tested by using a Quantachrome Autosorb-iQ/
MP®XR system. Thermogravimetric analysis (TGA) was performed on a
TG 209 F1 Libra (Netzsch) under air atmosphere.

Fig. 1. Schematic showing the preparation of Si@NPCNF composites through an in-situ reaction collection bath.
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2.4. Electrochemical measurements

Primarily, the Si@NPCNF electrodes were prepared by casting the
homogeneous slurry including 80wt% Si@NPCNF, 10 wt% acetylene
carbon black, and 10wt% polyvinylidene fluoride (PVDF) binder on a
copper foil. After drying in a vacuum oven at 80 °C for 12 h, the elec-
trodes were punched into round films with 12mm in diameter. The coin
cells were assembled in an argon filled glove-box by using Celgard 2300
as the separator and lithium foil as the counter electrode. Cyclic vol-
tammetry (CV) curves were carried out on an ARBIN BT2000 system in
the voltage range of 0.01–1.5 V at a sweep rate of 0.1 mV s−1. The
galvanostatic discharge/charge tests of the cells were carried out be-
tween 0.01 and 1.5 V (vs. Li/Li+) by the LAND 2001A battery testing
system. Electrochemical impedance spectra (EIS) measurements were
performed by an electrochemical workstation in the frequency range
from 105 Hz to 0.01 Hz under the automatic sweep mode.

3. Results and discussion

As depicted in Fig. 1, Si/PMMA@PPy fibers are prepared through
the direct collection of the intermediate Si/PVP/PMMA fibers in the
reaction solution bath of pyrrole. Thus, the hydrophilic component of
PVP can be efficiently removed to form porous Si/PMMA fibers while
in-situ growth of PPy happens on the surface of the Si/PMMA fibers at
the same time. As shown in Fig. S1, the mean diameter of the as-col-
lected Si/PMMA fibers increases from 600 nm to 820 nm combining
with increasing content of Si nanoparticles. Meanwhile, no obvious
aggregates of Si nanoparticles are observed on the surface of the com-
posite fibers under the low loading amounts of Si (Si/PMMA-1 and Si/
PMMA-2, Fig. S1d and S1f) while large agglomerations of Si nano-
particles start to appear on the surface of Si/PMMA-3 (Fig. S1h), in-
dicating that too large loading content of Si makes its dispersion very
difficult. After the deposition of PPy by in-situ polymerization, the

Fig. 2. SEM images of (a,b) PMMA@PPy, (c,d) Si/PMMA-1@PPy, (e,f) Si/PMMA-2@PPy, (g,h) Si/ PMMA-3@PPy.
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surfaces of Si/PMMA@PPy fibers become much rougher than those of
Si/PMMA fibers due to the random nucleation and granular growth of
the PPy coating as displayed in Fig. 2. The diameters of Si/PMMA-1@
PPy, Si/PMMA-2@PPy and Si/PMMA-3@PPy fibers are estimated to be
1.21, 1.40, and 1.53 μm, respectively. It is evident that the thickness of
PPy coating is all over 300 nm while the porous structure inside the
composite fibers are completely maintained, which guarantees the
subsequent acquisition of the Si-based composite electrode with rich
porous structures. Being a useful conducting carbon source, the PPy
coatings are successfully turned into nitrogen-doped porous carbon
nanofibers while the PMMA template is totally decomposed under the
high-temperature treatment as shown in Fig. 3. It can be also clearly

observed that Si nanoparticles are evenly distributed on the surface and
inside of the NPCNF frameworks, which are beneficial for the rapid
transport of electrons/electrolytes and accommodation of the severe
volume expansions of Si nanoparticles during the later discharge/
charge processes.

TEM images of Si@NPCNF are further obtained to get inside the
pore structures and distribution of Si nanoparticles along the NPCNF
fibers. As expected, Fig. 4a and 4b prove a uniform diameter around
500 nm for the Si@NPCNF composite fibers. Especially, the dark-co-
lored Si nanoparticles are observed with very uniform distribution
within the NPCNF fibers while the almost transparent areas are the
cavities mainly formed by the removal of PVP in the reaction solution

Fig. 3. SEM images of (a) NPCNF, (b) Si-1@NPCNF, (c) Si-2@NPCNF, and (d) Si-3@NPCNF.

Fig. 4. (a) The typical TEM image of Si-2@NPCNF, (b-d) high magnification TEM images of Si-2@NPCNF. The inset of (d) shows the interplanar spacing of Si
nanoparticles.
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bath and decomposition of PMMA during the thermal treatment pro-
cess. The corresponding higher-magnification TEM images clearly de-
monstrate the spacing of 0.31 nm for the spherical Si nanoparticles with
a diameter around 30 nm (Fig. 4c and 4d), being in consistent with the
(1 1 1) plane of Si [36,37]. Therefore, it is a clear evidence that the Si@
NPCNF composite with designed porous structures have been realized
by the novel electrospinning strategy combined with an in-situ reaction
collection bath.

Determined by the N2 adsorption/desorption isotherms (Fig. S2a),
the BET surface areas of Si-2@NPCNF and NPCNF are calculated to be
118.9 and 78.4 m2 g−1, respectively. Additionally, the total pore vo-
lume of Si-2@NPCNF is 0.286 cm3 g−1 with the pore size distribution
ranging from 3 nm to 24 nm as displayed in Fig. S2b, suggesting that the
Si-2@NPCNF composite mainly owns a mesoporous structure. The large
surface area of Si-2@NPCNF is expected to efficiently shorten the dis-
tance of lithium-ion diffusion and promote the penetration of electro-
lyte by providing sufficient electrode/electrolyte interfaces. Meanwhile,
the Si-2@NPCNF composite with high porosity is even anticipated to
effectively accommodate the severe volumetric changes of Si during the

lithiation/delithiation processes, thus leading to improved cycling
performance [38–40]. As further measured in Fig. S3, the contents of Si
in Si-1@NPCNF, Si-2@NPCNF and Si-3@NPCNF composites are cal-
culated to be 34.3%, 48.8% and 60.5%, respectively.

Fig. 5a shows the XRD patterns of Si nanoparticles, NPCNF, and Si@
NPCNF composites. Characteristic diffraction peaks at 2θ=28.5, 47.4,
56.2, 69.3 and 76.2° are observed for all the Si@NPCNF composites,
which correspond to the (1 1 1), (2 2 0), (3 1 1), (4 0 0) and (3 3 1)
planes of the crystalline silicon phase, respectively. It also indicates that
Si nanoparticles are very stable during the electrospinning, in-situ
polymerization of PPy and high-temperature carbonization processes
[41]. The chemical compositions of the Si@NPCNF composite are
analyzed by XPS as depicted in Fig. 5b. The five peaks observed at
102.3, 152.2, 284.2, 400.1 and 533.5 eV are assigned to the Si 2p, Si 2s,
C 1s, N 1s, and O 1s, respectively [12]. According to Fig. 5c, the high-
resolution N 1s spectrum can be divided and fitted into three sub-peaks
at 398.4, 401.0, and 403.1 eV, which are specified as the pyridinic-N,
graphitic-N, and oxygenated-N in the porous carbon fibers [42]. This
further demonstrates that PPy can be served as both the conductive

Fig. 5. (a) XRD patterns of Si nanoparticles, NPCNF, and Si@NPCNF composites. XPS spectra of the Si-2@NPCNF composite: (b) survey spectrum, (c) N 1s, (d) Si 2p.

Fig. 6. CV curves of (a) Si-2@NPCNF and (b) Si nanoparticle anodes at the first three cycles.

Y. Ouyang et al. Applied Surface Science 475 (2019) 211–218

215



carbon matrix and nitrogen resource to form the N-doped carbonaceous
framework [43]. The Si 2p spectra (Fig. 5d) reveals the sub-peaks of the
SieSi band indexed to metallic Si and the SieO band which may be
caused by the slight oxidation of Si nanoparticles in air.

The porous structure of Si@NPCNF composites are expected to ef-
fectively relieve the severe volume expansion of silicon nanoparticles
[44]. Hence, Si@NPCNF nanocomposites with various Si contents are
used as anode materials to assemble coin-cell LIBs. CV curves of Si
nanoparticles and Si@NPCNF composites for the first three cycles are
achieved in the voltage range between 0.01 and 1.5 V at a scanning rate
of 0.1 mV s−1 (Fig. 6 and S4). A broad cathodic peak appears around
0.76 V in the first cycle of Si@NPCNF nanocomposites and then dis-
appears in the latter cycles (Fig. 6a and S4), which results from the
electrolyte decomposition accompanying the formation of the SEI films.
Then, another cathodic peak is observed at 0.17 V from the second
cycle, indicating the corresponding lithiation reaction of Si to form LixSi
alloys. The sharp peak on the verge of the cut-off potential is attributed
to the lithiation of the carbon layer and Si nanoparticles [45]. Mean-
while, the two distinct peaks at about 0.33 V and 0.50 V during the
anodic sweep can be ascribed to the delithiation of LixSi to form
amorphous-phase Si [33]. In the subsequent cycles, the representative
discharge/charge profiles of amorphous Si are exhibited, being con-
sistent with the previous reports [46,47].

Fig. 7a shows the first-cycle galvanostatic discharge/charge profiles
of Si nanoparticles, Si-1@NPCNF, Si-2@NPCNF, Si-3@NPCNF and
graphite anodes at a current density of 0.1 A g−1. It has been demon-
strated that the initial lithiation of crystalline Si results in a low voltage
plateau around 0.15 V corresponding to a two-phase region in which
LixSi is formed while the delithiation of LixSi results in a plateau at
0.35 V corresponding to the formation of delithiated amorphous Si
[35]. The initial discharge capacities of pure Si nanoparticles, Si-1@
NPCNF, Si-2@NPCNF, Si-3@NPCNF and graphite anodes are 3637,
1528, 1521, 1354, and 620mA h g−1, with the initial coulombic effi-
ciencies of 63.4%, 38.5%, 54.4%, 67.0%, and 48.1% respectively. Such
a large capacity loss can be mainly stemmed from the formation of the
SEI layer on the electrode surface as well as the dealloyed Li which
disintegrates from the SEI layer during the discharge process [35,40].

Fig. 7b shows the corresponding rate performances of Si nanoparticles,
Si-1@NPCNF, Si-2@NPCNF, Si-3@NPCNF and graphite. For the pure Si
nanoparticle anode, although it shows a rather high discharge capacity
of 3637mA h g−1 at 0.1 A g−1, there is only a low retention (0.1%) of
the initial capacity at the high current density of 2 A g−1 due to the
large volume changes upon cycling. Compared with the graphite anode,
the Si-2@NPCNF electrode delivers higher reversible capacities of
1521, 921, 910, 822, and 647mA h g−1 at the current densities of 0.1,
0.2, 0.5, 1.0, and 2.0 A g−1, respectively. Additionally, when the dis-
charge/charge density drops back to 0.1 A g−1, the capacity of Si-2@
NPCNF can return to 923mA h g−1 which is much higher than that of
graphite (237mA h g−1).

The cycling stability is another crucial indicator for lithium-ion
batteries besides the high discharge capacity and good rate perfor-
mance. Hence, the cycling performances of Si nanoparticles, Si-1@
NPCNF, Si-2@NPCNF, Si-3@NPCNF and graphite were carried out at a
current density of 1 A g−1. As exhibited in Fig. 7c, stable capacities of
1.1, 462.9, 515.5, 455.0, and 239.1mA h g−1 with retentions of 0.3%,
74.0%, 80.0%, 70.2%, and 104.4% are obtained after 200 cycles at
1 A g−1 for Si nanoparticles, Si-1@NPCNF, Si-2@NPCNF, Si-3@NPCNF
and graphite electrodes, respectively. The Si@NPCNF nanocomposites
present much better cycling stability and rate performances, further
indicating that the designed porous nitrogen-doped carbonaceous ar-
chitectures derived from the one-step removal of PVP and in-situ
polymerization of PPy could serve as an efficient buffering matrix to
stabilize the active Si phases and enhance the electrical conductivity of
the whole electrode. Ultimately, significantly increased cycling and rate
performances are achieved [48,49].

Electrochemical impedance spectroscopy (EIS) measurements were
further adopted to analyze the underlying discharge/charge kinetics of
Si nanoparticles, Si-1@NPCNF, Si-2@NPCNF, Si-3@NPCNF and gra-
phite. As presented in Fig. 7d, the Nyquist plots are qualitatively ana-
lyzed by Z-view software with the simulation results presented in Table
S1. As is shown, R0 is the equivalent series resistance which generally
describes the resistance of the electrolyte combined with the internal
resistance of the electrode, while Rsf and Rct correspond to the SEI film
resistance (first high-frequency semicircle) and the charge transfer

Fig. 7. (a) Galvanostatic discharge/charge profiles, (b) rate performance, (c) cycling performance, and (d) EIS plots of Si, Si@NPCNF and NPCNF anodes.
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resistance (second semicircle), respectively [50]. The Rct values of Si-
1@NPCNF(11.18Ω), Si-2@NPCNF (12.02Ω), and Si-3@NPCNF
(13.78Ω) were much smaller than that (45.41Ω) of Si, meaning that
the presence of carbon fiber can significantly reduce the charge transfer
resistance which is favorable for reducing polarization of the electrode
and accelerating alloying/dealloying reaction kinetics as well. Simi-
larly, the larger slope of the straight line in the Si@NPCNF composites
represents a faster diffusion controlled process in the solid electrode
compared to the Si anode, further indicating that the incorporation of
the 3D porous carbon fiber framework significantly improves the
transport of Li+ during discharge/charge cycles.

4. Conclusions

In summary, we have successfully obtained a Si @ nitrogen-doped
porous carbon fiber composite by a facile electrospinning strategy
combined with a unique in-situ reaction bath of pyrrole monomer as the
collector. The specific design can simultaneously achieve the acquisi-
tion of porous Si/PMMA fibers through the dissolution of PVP phase,
and the in-situ polymerization of PPy on the surface of porous Si/
PMMA fiber as well. Thus, the mesoporous structure is totally dupli-
cated by the PPy-derived NPCNF framework with high porosity and
good conductivity after carbonization, which can effectively buffer the
volume changes of Si nanoparticles as well as provide facilitated Li+

diffusion and electron transfer pathway for the alloying/dealloying
processes. As a result, the Si@NPCNF composite as a lithium-ion battery
anode material exhibits a high initial capacity of 1521mA h g−1 at
0.1 A g−1, and an outstanding cycle stability of 515.5 mA h g−1 after
200 cycles under the current density of 1 A g−1.
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