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a b s t r a c t

Silicon is believed to be a promising anode material for lithium ion batteries because of its highest the-
oretical capacity and low discharge potential. However, severe pulverization and capacity fading caused
by huge volume change during cycling limits its practical application. In this work, necklace-like N-doped
carbon wrapped mesoporous Si nanofibers (NL-Si@C) network has been synthesized via electrospinning
method followed by magnesiothermic reduction reaction process to suppress these issues. The meso-
porous Si nanospheres are wrapped with N-doped carbon shells network to form yolk-shell structure.
Interestingly, the distance of adjacent Si@C nanospheres can be controllably adjusted by different
addition amounts of SiO2 nanospheres. When used as an anode material for lithium ion batteries, the
NL-Si@C-0.5 exhibits best cycling stability and rate capability. The excellent electrochemical perfor-
mances can be ascribed to the necklace-like network structure and N-doped carbon layers, which can
ensure fast ions and electrons transportation, facilitate the electrolyte penetration and provide finite
voids to allow large volume expansion of inner Si nanoparticles. Moreover, the protective carbon layers
are also beneficial to the formation of stable solid electrolyte interface film.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) with high energy density have
drawn much attentions due to the ever-growing demand for tech-
nological applications, such as electric vehicles, portable electron-
ics and renewable power stations [1–5]. The energy density of LIBs
can be improved by using electrode materials with high theoretical
capacities and proper working potentials [6–8]. Among various
anode materials, silicon (Si) can be considered to be one of the
most promising candidates because of its high theoretical capacity
(4,200 mAh g�1 if Li4.4Si), low discharge potential (0.5 V vs. Li/Li+),
natural abundance and environmental benign [9–11]. However,
the poor intrinsic electronic conductivity and severe volume
expansion (about 400%) hinder the practical application of Si based
materials [12,13]. Such dramatic volume changes during lithiation-
de-lithiation process often result in serious structural degradation,
and regeneration of unstable solid electrolyte interface (SEI) on
fractured Si surfaces via irreversible side reactions, thereby, lead-
ing to fast capacity fading [14–16].
Elsevier B.V. and Science China Pr
To date, great efforts have been endeavored to address the
above-mentioned problems. Various Si nanostructures, such as
nanowires [17], nanosheets [18], nanorods [19], and hollow and
porous structures [20] have been reported with improved elec-
trochemical properties. Compared with bulks, nanostructures
can shorten the ionic diffusion pathway and better accommodate
the volume changes upon repeated cycles, thus better rate capa-
bility and cyclic stability can be obtained [11,21,22]. However,
the large volume changes always cause the destruction and
regeneration of the SEI layer, which result in the continuous con-
sumption of electrolyte and the resistance increase at the inter-
face between electrolyte and electrode [23–25]. Surface coating
has been considered an effective approach to solve this problem,
such as carbon coating to make the core-shell structured com-
posites [26–30]. The carbon shell is beneficial to improving con-
ductivity and accommodating the volume changes of Si to a
limited degree [31,32]. Furthermore, a stable SEI layer can be
formed on the carbon shell rather than the surface of Si, prevent-
ing the continual rupturing of the SEI film [33–37]. The interior
void space of yolk-shell Si/C composites can relieve the elevated
mechanical stress on the carbon shells during the expansion of
inner Si nanoparticles, resulting in prolonged cycling stability
ess. All rights reserved.
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[38]. For instance, Yu and co-workers [34] reported dual func-
tionalized double carbon shells coated Si nanoparticles, which
delivers a capacity of 584 mAh g�1 after 200 cycles at 5 C. The
inner carbon shell provides extra voids for Si expansion whereas
the outer carbon shell stabilizes the SEI layer. Guo and co-
workers [39] designed Si@void@C composite to boost lithium
storage. Dou and co-workers [36] reported yolk-shell silicon-
mesoporous carbon anode with a capacity of 500 mAh g�1 after
400 cycles at 420 mA g�1. Compared with isolated Si/C nanopar-
ticles, interconnected network structure can provide continuous
three-dimensional (3D) conductive framework for fast electrons
transport in all directions, resulting in better electric conductivity
[40–44]. Furthermore, embedding Si nanoparticles into network
structure can greatly improve mechanical strength and
avoid agglomerations during cycling [33]. Therefore, it is
essential to develop mesoporous network with yolk-shell struc-
ture to enhance the electrochemical performances of Si-based
materials.

Herein, we design a necklace-like N-doped carbon wrapped
mesoporous Si nanofibers (NL-Si@C) network for LIBs. The meso-
porous Si nanospheres are encapsulated into N-doped carbon
shells network to form a yolk-shell structure. Moreover, the carbon
wrapped Si nanospheres are connected each other to form
necklace-like nanofibers. The as-prepared structure has many
superiorities: (1) the mesoporous Si nanospheres within the
carbon shell can facilitate the electrolyte penetration and offer
interior space for Si expansion; (2) the carbon shells avoid the
direct contact between Si and electrolyte and thus are helpful to
the formation of a stable SEI film; (3) necklace-like nanofiber
network structure avoids the aggregations of Si@C nanospheres
and provides continuous conductive pathway for fast electrons
transportation in all directions. When utilized as anodes for LIBs,
the necklace-like Si@C composites exhibit excellent electrochemical
performances.
2. Experimental

2.1. Synthesis of SiO2 nanospheres

SiO2 nanospheres were synthesized by a Stöber process [45]. In
a typically synthesis, 4.2 mL tetraethyl orthosilicate (TEOS) was
added into a mixture solvent of 80 mL ethanol and 24 mL ammo-
nium aqueous solution (30%), followed by vigorous stirring at room
temperature for 1 h. The obtained SiO2 nanospheres were centrifu-
gally separated from the suspension and washed with deionized
water and ethanol several times before drying in air at 70 �C
overnight.
2.2. Synthesis of SiO2@polymer network

SiO2 nanospheres were dispersed in 2 mL N,N-
dimethylformamide (DMF) homogeneously by ultrasonication for
30 min. Then, 0.2 g polyacrylonitrile (PAN, Mw = 150,000, Sigma-
Aldrich Co.) was added into the dispersion with continuous stirring
for 12 h. The obtained white suspension was transferred into a
5 mL injection syringe followed by electrospinning treatment.
The voltage between the needle and the aluminum foil collector
was set as 9.0 kV and the distance was 15 cm. The injection speed
was controlled at 1 mL h�1. Different amounts of SiO2 nanospheres
(0.1, 0.3, 0.5, and 0.7 g) were used for the electrospun and the
obtained samples were designated as SiO2@polymer-0.1, SiO2@
polymer-0.3, SiO2@polymer-0.5 and SiO2@polymer-0.7, respec-
tively. The as-spun samples were heated in air at 250 �C for 60 min.
2.3. Synthesis of NL-Si@C network

The stabilized samples were mixed with Mg powder and NaCl
in a mass ratio of 1:0.9:10. Then, the mixture was annealed in an
inert atmosphere of Ar at 650 �C for 6 h with a ramping rate of
3 �C min�1. The resulting products were washed with de-ionized
water and 1 mol L�1 HCl to remove NaCl, Mg2Si and MgO, respec-
tively. After drying at 70 �C overnight, the obtained products are
denoted as NL-Si@C-0.1, NL-Si@C-0.3, NL-Si@C-0.5 and NL-Si@
C-0.7, respectively.

2.4. Synthesis of Si-C and Si-S

For comparison, monodisperse carbon coated Si nanospheres
(Si-C) and Si nanospheres (Si-S) were also prepared by similar
magnesium reduction of SiO2@resorcinol-formaldehyde (RF) and
SiO2 nanospheres, respectively. To prepare SiO2@RF, 1 g SiO2 nano-
spheres were dispersed in a solution containing 70 mL deionized
water and 30 mL ethanol under ultrasonication for 30 min. After
that, 2.3 g hexadecyl trimethylammonium bromide (CTAB), 0.35 g
resorcinol, 0.1 mL ammonium aqueous solution and then 0.5 mL
formaldehyde solution were added into the SiO2 dispersion under
stirring. Then, the SiO2@RF core-shell nanospheres were obtained
after stirring for 8 h at 35 �C to obtain Si-C.

2.5. Characterizations

The phases and crystal structures of as-prepared samples were
studied by powder X-ray diffraction (XRD) (Rigaku D/max2500 X-
ray diffractometer with non-monochromated Cu Ka radiation)
with a scanning range of 10� and 80� at a step size of 0.02�. The car-
bon content in the composite was measured by a sulfur carbon
analyzer (CS600, USA). Raman spectrometer (LabRAM HR800,
USA) was carried out to identify the graphitization degree of car-
bon in the composites. The specific surface areas and pore size dis-
tributions of the samples were tested by nitrogen adsorption-
desorption measurements (ASAP 2460, Micromeritic Instruments,
USA). The morphologies and nanostructures of the samples were
detected by field-emission scanning electron microscopy (FESEM,
FEI Nova NanoSEM 230, USA) and transmission electron micro-
scopy (TEM, JEOL-JEM-2100F, Japan).

2.6. Electrochemical measurements

The working electrodes were prepared by dispersing the active
materials, super P and sodium carboxymethyl cellulose (CMC) bin-
der in de-ionized water at a weight ratio of 8:1:1 to form slurry.
Thereafter, the slurry was coated on a copper foil and dried in a
vacuum oven at 100 �C overnight. CR2016 coin cells were assem-
bled in a glove-box (Mbraun, Garching, Germany) filled with pure
argon. Lithium foil was used as the counter electrode, 1 mol L�1

LiPF6 in ethyl carbonate/dimethyl carbonate/diethyl carbonate
(EC/DMC/DEC, 1:1:1, in volume) with 10 wt% of fluoroethylene car-
bonate (FEC) as the electrolyte and polypropylene as the separator.
The mass loading of electrode is about 1.0 mg cm�2. The electrolyte
amount in a cell is around 0.3 mL. Cyclic voltammetry (CV, 0.005–
1.5 V, 0.1 mV s�1) measurements were carried out on an
electrochemical workstation (CHI660E, China). Galvanostatic
charge/discharge was performed on a Land tester (Land CT
2001A, China) in the voltage range of 0.005–1.5 V (vs. Li/Li+). All
the capacities of cells have been calculated based on the whole
mass of silicon and carbon. The electrochemical impedance
spectrometry (EIS) was conducted with a Zahner-IM6ex electro-
chemical workstation (Zahner Co., Germany) in the frequency
range of 100 kHz to 10 MHz.



X. Kong et al. / Science Bulletin 64 (2019) 261–269 263
3. Results and discussion

The synthesis process is schematically presented in Fig. 1. The
SiO2 nanospheres and PAN polymer were dispersed in DMF solu-
tion to form a homogenous dispersion by ultrasonication process.
The obtained dispersion was electrospun into necklace-like
SiO2@polymer nanofibers. During this process, the SiO2 nano-
spheres are coated by PAN polymer to form a core-shell structure.
After magnesiothermic (Mg) reduction in inert atmosphere of Ar,
the inner SiO2 nanospheres are in-situ converted into mesoporous
Si nanoparticles, whereas the exterior polymer shells are trans-
formed into N-doped carbon shell. The PAN polymer functions as
linker of the necklace-like structure and also serves as both carbon
and nitrogen sources. The linked necklace-like carbon wrapped Si
nanospheres can improve the structural stability of the electrode
materials. Moreover, the carbonaceous material and the
mesoporous structure can facilitate the electron transportation
and electrolyte penetration.

The monodispersed SiO2 nanospheres prepared by Stöber
method were very uniform with a diameter of about 500 nm
(Fig. S1a and b online). After electrospun, the SiO2 nanospheres
are linked by PAN polymers to form necklace-like fibers (Fig. S2a
and b online). The SiO2 nanospheres are neck-by-neck linked,
which suggests the high loading of SiO2 in the composite. Fig. 2
shows the morphology and interior structure of the obtained NL-
Si@C-0.5 after Mg reduction. The energy dispersive X-ray (EDX)
result (Fig. S3a and b online) shows that Mg element has been
totally removed from the NL-Si@C-0.5 after water and HCl wash-
ing. The morphology of necklace-like network (Fig. 2a) was well
preserved and no obvious structural collapse is observed. A higher
magnification image (Fig. 2b) reveals the detailed information of
the typical necklace-like structure. Adjacent Si nanospheres are
continuously linked by carbon layers. The TEM image in Fig. 2c
shows that the mesoporous Si nanospheres are encapsulated in
necklace-like carbon shells. The bright part in the nanospheres
Fig. 1. (Color online) Schematic illustration of the sy
(Fig. 2d) further confirms the porous structure of the NL-Si@C-0.5
composite. Fig. 2e shows a high-resolution TEM image of NL-
Si@C-0.5, in which lattice strings with a fringe spacing of
0.32 nm are observed, corresponding to the (1 1 1) plane of Si.
Additionally, a graphitized carbon layer with a thickness of around
10 nm is detected. The spatial distribution of different elements is
shown by the elemental mapping (Fig. 2f). The result shows that Si
is homogeneously distributed in the nanospheres. However, C and
N elements are mainly distributed on the edges of the nanospheres,
verifying the existence of carbon shells in the NL-Si@C-0.5 compos-
ite. Fig. S4 (online) shows the morphology of the Si-S. The result
reveals that spherical morphology is preserved well and solid SiO2

nanospheres are converted to porous Si nanospheres after Mg
reduction process. According to Fig. S5 (online), the carbon layers
and interior porous Si nanoparticles for Si-C can be clearly found.
The morphology and structure of the carbon shells are further inves-
tigated by etching the NL-Si@C-0.5 composite with 10% HF solution.
The XRD pattern (Fig. S6 online) of the sample after etching confirms
complete removal of Si. TEM image (Fig. 2g) shows that the
necklace-like structure is preserved well after etching. A higher
magnification image (Fig. 2h) reveals that the adjacent carbon shells
are linked by a thin carbon layer. Fig. 2i further shows that the inter-
connected carbon shells have high porosity, which could be ascribed
to the catalysis of Mg during Mg reduction process. Compared to
isolated carbon shells, the unique necklace-like carbon shells net-
work can not only be easier for the ions and electrons transportation
between adjacent carbon shells, but also avoid the loss of contact
upon cycling.

In particular, the weight percentage of Si nanospheres in the
composite and their distances are controllably adjusted by differ-
ent addition of SiO2 nanospheres. When 0.1 g SiO2 nanospheres
were added, the obtained NL-Si@C-0.1 network keeps a morphol-
ogy of nanofibers (Fig. 3a). TEM image (Fig. 3b) further reveals that
the mesoporous Si nanospheres are embedded into solid carbon
fibers, forming pea-pod like structure. Increasing the addition
nthesis process for necklace-like Si@C network.



Fig. 2. (Color online) Morphologies and interior structures of NL-Si@C-0.5 and carbon shells. (a, b) Different magnification SEM images of NL-Si@C-0.5. (c–e) Low and high
magnification TEM images of NL-Si@C-0.5. (f) High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and element mapping images of
NL-Si@C-0.5. (g–i) Low and high magnification TEM images of the necklace-like carbon shells after removal of Si nanoparticles.

Fig. 3. SEM (a, c, e) and TEM (b, d, f) images of NL-Si@C-0.1 (a, b), NL-Si@C-0.3 (c, d), NL-Si@C-0.7 (e, f), respectively.
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amount of SiO2 nanospheres to 0.3 g, the adjacent mesoporous Si
nanospheres are more closely distributed, but with detectable
neighboring space (Fig. 3c, d). However, if the addition amount of
SiO2 nanospheres are increased to 0.7 g, the Si@C nanospheres
are tightly stacked together to construct thick fibers with a diam-
eter of around 1 lm (Fig. 3e). Moreover, the carbon shells cannot



X. Kong et al. / Science Bulletin 64 (2019) 261–269 265
be uniformly formed on the surface of the Si nanospheres (Fig. 3f).
The result demonstrates that the carbon wrapping effect on the
morphology and structure is greatly influenced by the addition
amount of SiO2 nanospheres during the electrospun process.

XRD analysis was performed to identify the crystalline struc-
tures of NL-Si@C-0.5 and Si-S. As shown in Fig. 4a, the peaks
located at 28.4�, 47.3�, 56.1�, 69.1� and 76.3� are in good agreement
with the standard pattern of Si (JCPDS No. 27-1402). For NL-Si@C-0.5,
an additional broad peak at around 23� is related to (0 0 2) plane of
amorphous carbon [39]. The carbon content in the composite is mea-
sured by a sulfur carbon analyzer and the corresponding values of
NL-Si@C-0.1, NL-Si@C-0.3, NL-Si@C-0.5 and NL-Si@C-0.7 are 56.84%,
26.02%, 21.79%, 10.75%, respectively. Therefore, the Si content of
NL-Si@C-0.1, NL-Si@C-0.3, NL-Si@C-0.5 and NL-Si@C-0.7 are 43.16%,
73.98%, 78.21%, 89.25%, respectively. In addition, Raman spectrum
was conducted to evaluate the graphitic feature of NL-Si@C-0.5
(Fig. 4b). A peak located at around 510 cm�1 is related to the charac-
teristic Si Raman band. Another two broad peaks at around 1,320 and
1,590 cm�1 are assigned to D band from sp3-type disordered carbon
and G band from sp2-type graphitic carbon, respectively. The ID/IG
ratio of NL-Si@C-0.5 is 1.06, much higher than that of the sample
without adding Mg powders during heat treatment (Fig. S7 online),
indicating that the carbon of NL-Si@C-0.5 has a higher graphitization
[46]. Therefore, the graphitization degree of carbon can be enhanced
by Mg reduction annealing process. Nitrogen isothermal adsorption/
desorption measurement was carried out to further investigate the
porosity of the necklace-like mesoporous Si@C composite. As shown
in Fig. 4c, a type-IV curve with H3 hysteresis loops is obtained, indi-
cating a typical mesoporous structure [47]. The Brunauer-Emmett-
Teller (BET) surface area and total pore volume of NL-Si@C-0.5 are
calculated to be 269.46 m2 g�1 and 0.56 cm3 g�1, respectively. Based
on the Barrett-Joyner-Halenda (BJH) model, the pore size distribution
is mainly in the range of 4–20 nm. X-ray photoelectron spectroscopy
(XPS) was conducted to study the elements and valence states of the
NL-Si@C-0.5. The full survey spectra (Fig. 4d) shows the N 1s, C 1s, Si
2p peaks in the NL-Si@C-0.5 composite. The fitting N 1s spectrum
(Fig. 4e) can be resolved into three components located at
about 398.8, 400.3 and 400.8 eV, corresponding to pyridinic N,
Fig. 4. (Color online) Structural characterizations of the obtained samples. (a) XRD patter
isotherm. Inset: the corresponding pore size distribution. (d) Survey XPS spectrum. High
pyrrolic N and graphitic N, respectively [48]. The N content in the
composite is 1.62%. The existence of N can produce extrinsic defects
and improve electric conductivity. The C 1s (Fig. 4f) spectrum is
deconvoluted into C–C, C–N and C–O, respectively [39].

Fig. 5 shows the electrochemical performances of the meso-
porous Si@C nanofiber composites as an anode for LIBs. Fig. 5a dis-
plays the representative first three consecutive CV curves of the
NL-Si@C-0.5 at a scanning rate of 0.1 mV s�1 between 0.005 and
1.5 V. In the first cycle, only one cathodic peak below 0.1 V has
been observed, corresponding to the generation of a SEI film and
the alloying reaction of Si [49]. There are two anodic peaks located
at around 0.34 and 0.51 V, ascribed to the delithiation of the Li-Si
alloys [50]. In the followed cycles, the similar anodic peaks demon-
strate good reversible capability. Furthermore, the CV peak inten-
sity increase slightly in the first three cycles, indicating an
activation process of the composite [51]. Fig. 5b shows the
charge-discharge curves of NL-Si@C-0.5 for 1st, 2nd, 20th, and
50th cycles at 100 mA g�1. The first discharge profile shows long
plateaus below 0.2 V, which can be ascribed to the lithiation pro-
cess of crystalline Si and the formation of SEI layer on the elec-
trode. From second cycle to 50th cycle, the charge and discharge
profiles are similar, indicating the formation of stable SEI layer
and improved cycling stability for the later cycles. Fig. 5c shows
the cycling performances of the obtained mesoporous Si@C com-
posites with different Si content. Compared to NL-Si@C-0.1 and
NL-Si@C-0.3 samples, the NL-Si@C-0.5 delivers higher reversible
capacities, which can be attributed to higher weight percentages
of Si in the composites. The NL-Si@C-0.5 exhibits a high capacity
of 1,422.5 mAh g�1 and has a capacity retention of 72.5% after 50
cycles. However, further increasing the Si content in the composite
(NL-Si@C-0.7), the capacity retention become unfavorable.
Although the NL-Si@C-0.7 delivers a highest initial capacity of
1,742.2 mAh g�1, only 753.1 mAh g�1 can be retained after 50
cycles. The fast capacity fading for NL-Si@C-0.7 can be attributed
to the un-uniform carbon coating shells, which can not effectively
tolerate the volume expansion of Si and avoid the direct reaction
between Si and electrolyte. The bare silicon nanospheres and iso-
lated silicon carbon nanospheres show worse cycling performance
ns of NL-Si@C-0.5 and Si-S. (b) Raman spectrum. (c) Nitrogen adsorption-desorption
-resolution N 1s (e) and C 1s (f) XPS spectrum of NL-Si@C-0.5.



Fig. 5. (Color online) Electrochemical performances of the obtained samples. (a) The first three successive CV curves of NL-Si@C-0.5 at a scan rate of 0.1 mV s�1 in the
potential of 0.005–1.5 V (vs. Li/Li+). (b) Charge-discharge profiles of NL-Si@C-0.5 at 100 mA g�1. (c) Cycling performances. (d) Rate capabilities of NL-Si@C-0.1, NL-Si@C-0.3,
NL-Si@C-0.5, NL-Si@C-0.7. (e) Long-term cycling stability of NL-Si@C-0.5 at 500 mA g�1. (f) TEM image of NL-Si@C-0.5 after 200 cycles at 500 mA g�1.
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than NL-Si@C-0.5 (Fig. S8 online). Fig. 5d shows the rate perfor-
mances of the obtained NL-Si@C electrodes after running at
50 mA g�1 for 10 cycles to stabilize the electrodes. The NL-Si@C-0.5
delivers best rate capability with reversible capacities of 1175.3,
967.7, 819.3, and 708.5, and 586.2 mAh g�1 at 0.1, 0.2, 0.5, 1, and
2 A g�1, respectively. In particular, the NL-Si@C-0.5 can still remain
a capacity of 586.2 mAh g�1 at 2 A g�1, much higher than that of
NL-Si@C-0.7 (358.7 mAh g�1), NL-Si@C-0.3 (189.7 mAh g�1), and
NL-Si@C-0.1 (197.6 mAh g�1). When the current density is returned
to 0.1 A g�1, a capacity of 920.8 mAh g�1 can be recovered for
NL-Si@C-0.5 electrode, indicating good rate capability. Furthermore,
the NL-Si@C-0.5 shows good cycling stability of at high current
density. As shown in Fig. 5e, the NL-Si@C-0.5 electrode remains a
reversible capacity of 710 mAh g�1 after 200 cycles at 500 mA g�1.
Fig. 5f shows the TEM image of the NL-Si@C-0.5 after 200 cycles at
500 mA g�1. The mesoporous Si@C nanospheres can be well pre-
served. Moreover, the carbon shells and interior Si nanoparticles
can still be observed, demonstrating the excellent structural stability
of NL-Si@C-0.5. The superior cycling stability and rate capability of
NL-Si@C-0.5 can be ascribed to the fast ions and electrons transporta-
tion and the formation of stable SEI film, which are derived from
unique necklace-like network structure and N-doped carbon
wrapped mesoporous Si nanospheres. Yolk-shell Si@C structure can
provide appropriate inner void space for the huge volume expansion
of silicon during cycling, keeping a good structural integrity
[36,52,53].

The electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to simulate the charge transfer resistance
of the electrodes. Fig. S9 (online) shows the Nyquist plots and
corresponding equivalent circuit model (inset) of the Si-S, Si-C,
NL-Si@C-0.1 and NL-Si@C-0.5 electrodes. All samples consist of a
semicircle in the high-frequency region and a following linear
slope in the low-frequency region. The semicircle indicates charge
transfer resistance (Rct), whereas the line represents the Warburg
impedance (Zw) owing to diffusion-controlled process [54]. Rs

refers to the resistance of electrolyte, current collectors and
electrode materials. CPE represents the double-layer capacitance
and Cint could be ascribed to the capacitance caused by the



Fig. 6. (Color online) Charge-discharge GITT curves and lithium diffusion coefficient (D) for NL-Si@C-0.5 at 100 mA g�1 in the range of 0.005–1.5 V.
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accumulation or loss of Li+ in electrode material [55,56]. The Rct

values for Si-S, Si-C, NL-Si@C-0.1 and NL-Si@C-0.5 are calculated
to be 673.2, 508.9, 349.1 and 204.1X, respectively, suggesting
the lowest charge-transfer resistance for NL-Si@C-0.5. The N-
doped carbon shells network and yolk-shell structure of the NL-
Si@C-0.5 guarantee fast charge transfer.

Galvanostatic intermittent titration technique (GITT) test was
performed to further investigate the kinetics of Li solid-state diffu-
sions in the NL-Si@C electrodes. This technique is based on
chronopotentiometry and reveals multistep ion diffusivity into
the composition dependent electrode kinetics [57]. The lithium dif-
fusion coefficient (D) is calculated based on Eq. (1) as follows [58]:

D ¼ 4L2

ps
DEs

DEt

� �2

; ð1Þ

where L (cm) is lithium ion diffusion length, for compact electrode,
it is equal to thickness of electrode; s (s) is the relaxation time; 2DEs
(V) is the steady-state potential change by the current pulse.DEt (V)
is the potential change during the constant current pulse after elim-
inating the iR drop (Fig. S10 online). The obtained GITT curves and D
values at various lithiation/delithiation states for NL-Si@C elec-
trodes are shown in Fig. 6. The D in the NL-Si@C-0.5 ranges from
7.2 � 10–10 to 1.3 � 10�9 cm2 s�1 during the first discharge process
and ranges from around 8.5 � 10�10 to 1.1 � 10�9 cm2 s�1 in the
following cycles, much higher than that in NL-Si@C-0.1 and
NL-Si@C-0.7, indicating an enhanced lithium ion diffusion in the
bulk active electrode material. The highest lithium diffusivity for
NL-Si@C-0.5 is mainly attributed to its necklace-like carbon shells
network, which has a higher electric conductivity and provides
numerous mesoporous channels and active sites for fast ion
diffusion.
4. Conclusions

In summary, necklace-like Si@C nanofibers network has been
successfully synthesized via electrospinning method followed by
magnesiothermic reduction process. The mesoporous Si nano-
spheres are encapsulated in N-doped carbon shells, which are
linked in chains to form a necklace-like structure. Importantly,
the distance of adjacent Si@C nanospheres can be adjusted by dif-
ferent addition amounts of SiO2 nanospheres. When used as anode
materials for LIBs, NL-Si@C composites show better electrochemi-
cal performances than bare Si nanospheres and isolated Si-C nano-
spheres. Furthermore, NL-Si@C-0.5 shows best cycling stability and
rate capability compared to other NL-Si@C composites. These
results suggest that necklace-like network structure could improve
lithium storage properties of Si-based materials. This structural
design could also be extended to other materials used as active
materials for lithium ion batteries, sodium ion batteries, superca-
pacitors and electro-catalysis.
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