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A B S T R A C T

Carbon-coated Si nanosheets (Si NSs@C) nanocomposites with different carbon contents are successfully con-
trolled and synthesized by the method of DC arc-discharge plasma, followed by phenolic resin pyrolysis at high
temperature. The electrochemical performances of these nanocomposites as the anodes of lithium-ion batteries
(LIBs) are investigated. The Si NSs with an average size of 31 nm and a thickness of 2.4 nm are surrounded by
phenolic resin-derived amorphous carbon, forming a cladding structure. In the nanocomposites, Si NSs play a
leading role in the reaction with Li+ ions, while the amorphous carbon mainly provides a highly conductive
matrix for good contact among Si NSs active phases, which further facilitates the diffusion and transport of Li+

ions and electrons. The carbon matrix can also protect Si NSs from direct contact with the electrolyte, to ensure
the formation of stable SEI films in cycles. Electrochemical performances indicate that the Si NSs@C nano-
composite electrode with the carbon content of 66.4 wt% delivers a stable discharge specific capacity of
822mAh g−1 at a current density of 100mA g−1 after 200 cycles and a better rate capability, confirming the
predominant role of the controlled carbon content in the enhancement of the cycling stability of such Si-based
anodes for LIBs.

1. Introduction

With the development of science and technology, as well as the
continuous innovation of electronic products, the power supplies as the
core component of electrical devices have become the focus of re-
searches [1,2]. Among them, lithium-ion batteries (LIBs) with high
energy density and good cycle performance have become power storage
devices widely used in communications, aviation and military industry
[3,4]. Graphite as the traditional anode material of LIBs fails to meet
the increasing demands of energy storage markets due to its theoretical
specific capacity limit of 372mAh g−1 [5]. Therefore, it is the common
aspiration of researchers to research and develop a new generation of
anode materials with high specific capacity, long cycle life, low cost,
extensive applicability and nontoxicity [6–9]. Silicon, the next-most
abundant nontoxic element on the earth has received significant at-
tention as an alternative anode material for next generation of LIBs

[10,11]. It possesses the highest ever-known theoretical capacity of
4200mAh g−1 and a low discharge potential of 370mV (vs Li/Li+),
giving rise to a long plateau in the discharge curve [12]. However, Si-
based anodes still face challenges including volume expansion by 300%
caused by lithiation and delithation processes, which further leads to
fracture and loss of electrical contact inside of active materials, unstable
growth of solid electrolyte interface (SEI) films on the Si surface and
ultimately rapid degradation of capacity [13]. Beyond that, Si is known
as one kind of semiconductor materials with inferior electrical con-
ductivity, contributing to low active material utilization and poor rate
capability as electrodes. In view of the above-mentioned problems, it is
crucial to find an appropriate method for enhancing the electro-
chemical properties and conductivity of Si anode materials. Recently,
many researchers have turned to the design of nanoscale materials with
different structures and morphologies including nanospheres, na-
nosheets, nanowires, thin films, porous structure and so on [14–18].
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This will effectively shorten the diffusion pathway of Li+ ions, alleviate
the strain caused by volume expansion and contraction, improve the
capacity retention and prolong the cycle life compared with micro-sized
Si particles. However, the conductivity still needs to be enhanced. And
large specific surface area of nanoscale materials may reduce the in-
terfacial stability. Therefore, it is inevitably necessary to combine na-
noscale Si units with a second phase (e.g. carbon) as well as the sub-
sequent assembly, so as to stabilize the solid electrolyte interphase (SEI)
on the surface of individual Si, strengthen the interfacial electrical
contacts between active units and enhance the conductivity [19]. With
that in mind, Si/C nanocomposite has become a hot research topic
because of its special physical and chemical properties. Dispersing Si in
various types of ductile carbon matrix, such as carbon coating [20–24],
carbon nanotubes [25], carbon nanofibers [26] and graphene [27], has
been widely used as a support for Si particles to utilize their high
electrical conductivity and tunable structures. The carbon matrix can
not only provide continuous long-distance transport pathways for
electrons, but also supply numerous active sites for charge transfer re-
actions. Furthermore, carbon matrix acts as a physical buffering layer
buffering the large volume changes. Shen et al. designed pomegranate-
structured Si/C composite spheres, delivering a superior cycling stabi-
lity of 581mAh g−1 at a current density of 0.2 A g−1 after 100 cycles
and achieving a noticeable high-rate capacity of 421mAh g−1 even at a
high current density of 1 A g−1 [28]. Yue et al. prepared graphene-
wrapped Si nanoparticles (NPs), exhibiting significantly improved li-
thium storage performance with a superior rate capability as well as a
large reversible capacity of 1482mAh g−1 at a current density of
210mA g−1 after 300 cycles [24]. Liang et al. synthesized silicon-em-
bedded porous carbon microsphere anode with an exceptional con-
ductive framework for ions and electrons, exhibiting a high capacity of
1325mAh g−1 at 0.2 A g−1 after 60 cycles as well as a superior rate
capability with a capacity of 925mAh g−1 at a large current density of
5 A g−1 [11]. All of these electrochemical performances are much
better than those of the bare Si electrode.

Although the electrochemical performances of those works men-
tioned above have been greatly improved, complex experimental pro-
cedures and expensive nanoscale materials have immensely hindered
their extensive production and application. From this point of view, it is
necessary to explore some other easier cheaper, and more effective
methods for designing and synthesizing the materials with nanoscale
structures and morphologies. In the present paper, 2D Si nanosheets
(NSs) as a Si source were synthesized using DC arc-discharge method
under the mixed atmosphere of argon and hydrogen. As a traditional
technique, this method is well known for high yield, high purity of
nanopowder products and ease of fabricating particular kinds of na-
nostructures [29]. Due to its thermal stability, flame retardancy, char
retention ability, and high mechanical strength, phenolic resin [30–32]
is selected as the precursor of carbon to prepare Si NSs@C nano-
composites through high-temperature pyrolysis technique. This is fa-
vorable to the cycle stability of electrodes. However, the difference in
carbon content among integral materials always leads to diverse ca-
pacity contributions. We controlled different ratios of phenolic resin to
Si in the preparation process to optimize the compositions and struc-
tures, thus enhancing the cycling stability of nanocomposite electrodes.
Si NSs were surrounded by amorphous carbon with different thick-
nesses, depending on the content of introduced phenolic resin. The
electrochemical testing results show that the nanocomposite with
carbon content of 66.4 wt% possesses relatively stable electrochemical
performance as an anode material for LIBs.

2. Experimental

2.1. Synthesis of Si NSs@C nanocomposite powders

Two-dimensional Si NSs were synthesized by the method of DC arc-
discharge plasma [15,29]. The bulk Si was served as a raw material and

an anode of the arc-discharge plasma. Meanwhile, a tungsten rod was
used as a cathode. The arc-discharge was operated under a mixed
working atmosphere of inert argon and active hydrogen (Ar: 0.02MPa,
H2: 0.01MPa) after the working chamber was vacuumed. To ignite the
arc, the distance between the bulk and the tungsten rod needed to be
adjusted constantly to avoid the arc interruption caused by the con-
sumption of Si bulk. Then the Si bulk was evaporated into Si NSs at a
steady current of 90 A and a steady voltage of 20 V which were con-
trolled by an electrical device. Prior to collection, 0.00125MPa of air
was imported into the chamber to passivate the fresh Si NSs. And they
were collected together from the water-cooled chamber 12 h later.

Si NSs@C nanocomposite was synthesized using the following
procedure. 1 g phenolic resin was dissolved in 20ml ethyl alcohol under
continuous ultrasonic stirring to make the phenolic resin dissolve ra-
pidly. Next, 1 g Si NSs were added into the above solution to form sol
under magnetic stirring for 2 h in a water bath. After magnetic stirring,
the water bath temperature was raised to 60 °C, the ethyl alcohol was
vaporized and the solution was turned into gel. Then, the gel was dried
in a thermostat oven at a temperature of 60 °C for 12 h. After thor-
oughly drying, the dried gel was taken out and crushed in a mortar, and
then transferred into an energy-saving program controlled vacuum
furnace for pyrolysis at 600 °C under argon atmosphere for 2 h. Finally,
the Si NSs@C nanocomposite was obtained after the temperature
cooled down naturally to the ambient temperature. For optimizing the
carbon content in the samples, 4 g and 5 g phenolic resins were sepa-
rately combined with 1 g Si NSs to prepare another two samples by the
same method. Si NSs@C nanocomposites using different contents of
phenolic resin (1 g, 4 g and 5 g) were separately denoted as B1, B2 and
B3 in the paper.

2.2. Structural characterization of carbon, Si NSs and Si NSs@C
nanocomposites

Crystal structures of carbon, Si NSs and Si NSs@C nanocomposites
were characterized by X-ray diffraction (PANalytical Empyrean) using
Cu Kα radiation (λ=1.5416 Å) in the diffraction angle range of
20°–80°. Thermogravimetric analysis was carried out using a TGA/
SDTA851 type instrument (Mettler Toledo, Switzerland) from the am-
bient temperature to 800 °C under flowing air at a heating rate of
10 °Cmin−1. Microstructures and morphologies were investigated
using transmission electron microscope (TEM, Tecnai220 S-TWIM).
Carbon species were characterized by Raman spectroscope with the Red
Light laser line at 532 nm (InVia).

2.3. Electrochemical measurements on Si NSs@C nanocomposites
electrodes

Electrochemical tests were carried out upon Si NSs@C nano-
composites as working electrodes using CR2025 coin-type half cells
assembled in an Ar-filled glove box (Etelux Lab 2000). Both contents of
moisture and oxygen were less than 0.1 ppm. Lithium foils served as
counter electrodes (Shanghai Shunyou Metal Material Co., Ltd). 1M
LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC)
with a volume ratio of 1:1 (Beijing Chemical Reagent Research
Institute) was used as the electrolyte. Meanwhile, a polypropylene (PP)
film (Celgard 2400) was used as the separator. The working electrodes
were prepared by mixing active Si NSs@C nanocomposite (70 wt%), a
conducted agent (Super P 20wt%, Power Source Battery Co., Taiyuan),
and polyvinylidene fluoride (PVDF 10wt%, Shanghai East Fluorine
Chemical Technology Co., Ltd.) as a binder dissolved in N-methyl-2-
pyrrolidinone (NMP, Shanghai Chemical Reagent Co., Ltd.) solution.
Then the slurries with a thickness of 100 μm were coated onto copper
foil substrates. And the sheets were dried at 120 °C under vacuum
conditions for 24 h. After being cooled naturally to the ambient tem-
perature, the copper foils with coated slurries were cut into φ14mm
disks, indicating 0.5 mg cm−2 of Si NSs@C nanopowder was loaded
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onto the Cu foil. For the sake of contrast, Si NSs electrode was prepared
using the same method.

Cyclic voltammetry (CV) measurements were performed on an
electrochemical workstation (CHI660D) at a scanning rate of
0.1 mV s−1 in the potential range of 0.01–2 V. The electrochemical
impedance spectroscopy (EIS) was also carried out using the electro-
chemical workstation at a 5mV amplitude signal in the frequency range
from 100 KHz to 0.01 Hz. The galvanostatic charge/discharge perfor-
mances at various current densities were measured by Land CT2001A in
a voltage window of 0.01–2.00 V (vs. Li/Li+).

3. Results and discussion

3.1. Phases, carbon contents and microstructures of Si NSs@C
nanocomposites

X-ray diffraction (XRD) patterns of phenolic resin-based carbon, as-
prepared Si NSs and Si NSs@C nanocomposite powder with different
carbon contents (samples B1, B2 and B3) are presented in Fig. 1a. Dif-
fraction peaks of Si NSs located at 2θ=28.4°, 47.2°, 56.1°, 69.1° and
76.3° are related to the (111), (220), (311), (400) and (331) crystal
planes of Si with a cubic structure (JCPDS No. 27–1402). As for pyr-
olyzed phenolic resin-based carbon, two broad diffraction peaks can be
observed at 2θ=23° and 43°, which are assigned to the (002) and
(100) planes of carbon species (JCPDS No. 12–0212), indicating the
relatively low graphitization degree and amorphous structure [33].
Compared with diffraction peak of graphite at 26°, the peak of (002)
planes shifts to 23°, resulting from the decreased intermolecular forces
and the increased interlayer spacing of d(002) [34,40]. For as-prepared
Si NSs@C nanocomposites, the peak position and shape of crystal Si
maintained unchanged and a broad hump at 2θ=23° could also be
observed, indicating the introduction of carbon did not change the
crystal structure of Si and no impurity phases were formed in the pyr-
olysis process. Fig. 1b shows the TGA curves of Si NSs@C nano-
composites. Residual carbon contents in samples B1, B2 and B3 after
phenolic resin were pyrolyzed were separately 38.5 wt%, 66.4 wt% and
72.0 wt%.

In Fig. 2, the bright field TEM and high-resolution TEM images show
the microstructures and morphologies of Si NSs and Si NSs@C nano-
composites with different carbon contents. It is found that the Si NSs
exhibit similar morphology and uniform size of 31 nm (Fig. 2a) with a
thin thickness of 2.4 nm characterized via atomic force microscope
(AFM) in our previous paper [15]. Each piece of Si NSs has distinct
edges and corners, showing a more pure and continuous flake-like
structure. The lattice spacing of Si NSs measured in Fig. 2a′ is 0.31 nm,
corresponding to the (111) crystal plane of Si. The result of selected
area electron diffraction (SAED) in our previous paper [15] can also

reveal the crystalline state of Si NSs. As for samples B1, B2 and B3, Si NSs
were coated entirely by phenolic resin-based amorphous carbon,
forming a stable structure as shown in Fig. 2(b, c and d). With increased
amount of phenolic resin in the preparation process, the amorphous
carbon layer became thicker and Si NSs were wrapped deeper. Fig. 2(b′,
c′ and d′) shows the high-resolution TEM images of the three samples.
And obvious lattice fringes can be seen, which is the same as that in
Fig. 2a′. This verifies the existence of crystal Si phase. There is no ob-
vious lattice fringe of the coating layer, which also proves that the
pyrolyzed phenolic resin has disordered structures with low degree of
graphitization.

Raman spectroscopy is carried out to examine the degree of gra-
phitization and the imperfections in the obtained Si NSs@C nano-
composites with different carbon contents (Fig. 3). Three intensive
peaks are displayed in all of the samples, denoted as Si-Si band
(501 cm−1), D-band (1325 cm−1) and G-band (1589 cm−1), respec-
tively. The G-band is characteristic of graphitic sheets, corresponding to
a well-defined sp2 carbon-type structure, whereas the D-band can be
attributed to the presence of defects within the hexagonal graphitic
structure [35]. They provide extra evidence of the existence of carbon
with low degree of graphitization in the composites. The intensity ratio
of the D to G band (ID/IG) is generally employed to evaluate the extent
of structural disorder for the carbon materials [36]. In samples of B1, B2

and B3, the values of ID/IG are separately 0.87, 0.93 and 0.90. The
maximum ID/IG ratio indicates more defects and disorders exist in the
carbon coated on Si NSs surface [37]. This is beneficial to improving the
excellent electrical conductivity, reducing the volume variation and
getting high coulombic efficiency. Furthermore, amorphous carbon
coated on Si NSs surfaces could facilitate the formation of stable SEI
films.

3.2. Electrochemical properties of Si NSs@C nanocomposite electrodes

3.2.1. The cyclic voltammograms
Cyclic voltammetry (CV) curves of Si NSs@C nanocomposite elec-

trodes at a scanning rate of 0.1mV s−1 over a voltage range of 0.01–2 V
are presented in Fig. 4a-c. In the first cathodic sweeping curves, the
irreversible reduction peaks (R1) appearing at 1.78 V, 1.41 V and 1.47 V
for samples B1, B2 and B3 may be attributed to side reactions between
the electrolyte and the electrode surfaces, which disappears in sub-
sequent cycles. Other irreversible reduction peaks (R2) at 0.66 V
(sample B1), 0.51 V (sample B2) and 0.50 V (sample B3) correspond to
formation of solid electrolyte interface (SEI) caused by the decom-
position reaction of electrolyte on the surface of active components,
which also disappears in further cycles [38,39]. Moreover, for sample
B3, a tiny irreversible reduction peak appears at around 2.0 V which is
also thought to be one of side reactions of the electrolyte decomposition
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Fig. 1. (a) XRD patterns of phenolic resin-based carbon, as-prepared Si NSs and Si NSs@C nanocomposite powder with different carbon contents, (b) TGA curves of Si
NSs@C nanocomposite powder with different carbon contents in an air atmosphere.
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[40]. In addition to the reduction peaks of R1 and R2, dominating li-
thiation reaction with Si NSs takes place at about 0.01 V [41]. And the
crystal structure of Si NSs will be destroyed and transformed into
amorphous state (LixSi).

From the first anodic scanning, the two oxide peaks (O1 and O2)
located at 0.33 V and 0.49 V in Fig. 4a are ascribed to the delithiation
process from amorphous LixSi at low and high potentials. Relatively
poor electrical contact and inhomogeneous lithiation formed in this
sample due to the weaker intercalation kinetics and the minimum
carbon content can rarely form an effective conductive framework.
Therefore, the delithiation process cannot be completed at low poten-
tial. However, for samples B2 and B3, there is only one oxide peak at the
potential of 0.42 V (Fig. 4b) and 0.44 V (Fig. 4c). Higher carbon con-
tents improve the conductivity of electrodes and increase the electrical
contact between active units, which is beneficial to the delithiation
process. Besides the oxidation peaks of O1 and O2, another hump at
around 1.1 V generated in all of three samples corresponds to the oxi-
dation of electrolyte [42]. The carbon derived from phenolic resin by
pyrolyzing shows no exact peaks in discharge-charge processes. It also
suggests that the capacity of Si NSs@C nanocomposite electrodes
mainly be governed by Si NSs.

In the second and third cycles, Si would hold its amorphous state to
further react with Li+ ions. Because this reaction is kinetically slow and

the diffusion of Li+ ions is dominant at a low rate, so no apparent li-
thiation peak can be found in the cathodic sweeping [43]. For oxidation
peaks, the potential positions of three samples are consistent with that
of the first cycle, but the peak current signals increase with cycling
numbers, indicating the successive activation process has happened in
electrodes [44]. In the first cycle, Si NSs wrapped deeply in the carbon
matrix hardly participate in the lithiation process. As the cycles pro-
ceeding, the structure of Si NSs changes a lot with the volume expan-
sion and contraction, and part of Si NSs gradually exposes and parti-
cipates in the lithiation/delithiation reactions.

3.2.2. Cycling performance and rate capability
Fig. 5a-b provide the discharge/charge curves of Si NSs@C nano-

composite electrodes for the initial two cycles, at a current density of
100mA g−1 over a potential range of 0.01–2 V. For samples B1, B2 and
B3, the first discharge specific capacities are separately 2990mAh g−1,
1846mAh g−1 and 1227mAh g−1, giving a low initial Coulombic ef-
ficiency of 44%, 39% and 36%, respectively, which still needs to be
improved in the future. Different specific capacity values are caused by
induced diverse carbon contents. Sample B1 in Fig. 5a shows further
that there are two small sloping lithiation plateaus at the potential of
ca. 1.3 V and 0.7 V, assigning to the side reactions between electrolyte
and electrode surfaces as well as the formation of SEI film. In this
process, part of Li+ ions is consumed, resulting in the irreversible
specific capacity loss. Thereafter, a continuously decreased plateau at
the cut-off voltage of 0.01 V is ascribed to the lithiation of crystal Si. In
the following 2nd discharge curve (Fig. 5b), the platforms at ca. 1.3 V
and 0.7 V disappear, the inclined asymptote close to the bottom con-
firms the lithiation reaction between Li+ ions and amorphous Si. In the
initial two charge curves, the platforms in the similar potential range of
0.3–0.5 V are attributed to the delithiation from Li-Si alloys. For sam-
ples B2 and B3, semblable cycle curves are shown in Fig. 5a-b. Another
point, the Coulombic efficiencies of samples B1, B2 and B3 increase to
80%, 87% and 81% in the second cycle respectively, indicating that the
presence of carbon buffers the continuous volume expansion of Si NSs,
prevents the generation of new surfaces to regenerate SEI films, and
facilitates the transfer of electrons and Li+ ions.

To investigate and compare the electrochemical performances of Si
NSs and Si NSs@C nanocomposites as anodes of LIBs, Fig. 6a shows the
rate capabilities at different current densities ranging from 0.1 A g−1 to
2 A g−1, in a voltage window of 0.01–2 V. For sample B1, the capacity is
much higher at a lower current density of 0.1 A g−1, but decreases
quickly as the current density increases to 2 A g−1, i.e. from
1386mAh g−1 to 450mAh g−1, resulting from lower carbon content.
This cannot constitute effective electrical connection between Si NSs

Fig. 2. TEM images of Si NSs (a, a′) and Si NSs@C nanocomposites with different carbon contents, including sample B1 (b, b′), sample B2 (c, c′), and sample B3 (d, d′).
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units. For sample B2, as the current density increases from 0.1 A g−1 to
2 A g−1, the cell can deliver more stable discharge specific capacities of
866mAh g−1 to 558mAh g−1. The cell of sample B3 behaves lower
capacities of 337mAh g−1 and 91mAh g−1 at the current densities of
0.1 A g−1 and 2 A g−1. When the current density returns back to
0.1 A g−1, the battery capacities of samples B1, B2 and B3 can recover to
1125mAh g−1, 891mAh g−1 and 576mAh g−1. But for Si NSs elec-
trode, the capacity declines quickly to 40mAh−1 after 20 cycles, which
is attributed to the severe pulverization and structural collapse of
electrode. Quite steady and satisfactory rate capabilities of Si NSs@C
nanocomposite electrodes are ascribed to the stable structure and
strong electrical contact between Si NSs and carbon coating layers in
the nanocomposite microstructure. This provided a rapid transport
passageway for electrons and Li+ ions. Among the three electrodes,
sample B2 is the best in response to the high current density and the
resilient ability, due to the balanced contents of active Si NSs and
conductive carbon.

The cycling performances of Si NSs@C nanocomposite electrodes as

well as the Coulombic efficiencies at 0.1 A g−1 between 0.01 and 2 V
tested continuously after rate capabilities are shown in Fig. 6b. It has
been reported many times that the specific capacity of bare Si electrode
would drop rapidly within several cycles. In the present paper, as
comparison, the capacity of Si NSs electrode within 100 cycles is also
shown in Fig. 6b. It declines quickly to 180mAh g−1 after 30 cycles,
resulting from the huge volume variation, structural fracture, loss of
electrical contact during lithiation/delithiation processes and the
parasitic issues, such as repeated formation of thick SEI layer. But for Si
NSs@C nanocomposite electrodes, significantly improved specific ca-
pacities of 803mAh g−1 (sample B1), 822mAh g−1 (sample B2) and
603mAh g−1 (sample B3) could be maintained after 200 cycles with the
enhanced Coulombic efficiencies of 99.57%, 99.84% and 99.22%, re-
spectively. The improved capacities and cycle stability are influenced
by the following factors. The carbon coating layer can serve as an
electron transport channel and a structural scaffold, keeping an in-
timate and robust electrical contact between Si NSs regardless of the
repeated changes in large volume. Amorphous carbon can also protect
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Si NSs from direct exposure to electrolyte, guaranteeing the stable
formation of SEI film, and thus improving the cycle stability. Further-
more, it can be seen from Fig. 6b that the Coulombic efficiencies of Si
NSs@C nanocomposite electrodes are unstable with cycles. It is
thought, in spite of the derived carbon matrix with unique texture, that
the framework of phenolic resin is still maintained [45]. And the Si NSs
inside are difficult to completely participate in the lithiation/delithia-
tion process. As the reaction proceeds, the framework structure will be
destroyed and the Si NSs inside will gradually expose to react with Li+

ions, showing the electrochemical activity. In other words, the Si
NSs@C nanocomposite electrode owns an activation process during
cycling, so the discharge/charge specific capacities will not keep stable
until Si NSs are fully involved in the reaction. It is remarkable that
sample B2 has the most stable reversible capacity with a minimum
fluctuation in Coulombic efficiency. And the capacity of sample B1

shows decreased tendency all the time. For sample B3, the capacity is
the lowest on account of the presence of much carbon. Testing results
also declare that the content of phenolic resin-based amorphous carbon
should be under control. Thus, more carbon will form thicker buffer
layers. Si NSs coated deep inside have no chance to participate in the
reaction, leading to low specific capacity. Less carbon is unable to
sustain the volume variation and stable conductive framework upon the
lithiation/delithiation process, resulting in the instability of electro-
chemical cycling.

3.2.3. Electrochemical impedance spectra
It is clear that the Si NSs@C nanocomposite electrode with the

carbon content of 66.4 wt% (sample B2) shows the best stable electro-
chemical performance in this paper, thus we have made a further
analysis about electric property compared with Si NSs on it. The elec-
trochemical impedance spectroscopy (EIS) for the initial and cycled
states of Si NSs and sample B2 electrodes are analyzed by Nyquist plots
as presented in Fig. 7a-b. The experimental results, fitting data and the
corresponding equivalent circuits are also displayed together. It is in-
dicated in Fig. 7a that the impedance spectra of initial electrodes are

composed of a bigger semicircle at high frequency and an inclined line
at low frequency range. Among them, the semicircle represents the
resistance caused by the charge transport inside the active phases, while
the inclined line implies Warburg impedance, i.e. the solid-state diffu-
sion resistance of Li+ ions in the active material. After three cycles,
both impedance spectra consist of two depressed semicircles at high/
medium frequency regions and one inclined line at low frequency. The
first semicircle at high frequency denotes the migration resistance of
Li+ ions in SEI films. The second semicircle at medium frequency
means the charge transport resistance, which is similar to the case of
initial electrode. And the inclined line at low frequency represents
Warburg impedance.

These impedances are numerically simulated by the analog circuits
for the initial case and cycled ones, as shown in the insets of Fig. 7a-b,
respectively. Here, R1 is the contact resistance at the interface between
electrolyte and electrode. R2 is the transfer resistance of Li+ ions. R3 is
the charge transfer resistance in electrolyte. CPEdl is the double layers
capacitance between the electrode and the electrolyte. CPEs is the SEI
film capacitance. And W is the Warburg impedance of Si NSs and
sample B2 electrodes. Faradic current density (IF) and the diffusion
coefficient (D0) of Li+ ions are calculated by the following Eqs. (1)–(3)
[46]. And the results are listed in Table 1.

′ = + + −Z R R σ ω1 ct w
0.5 (1)

=I n RRT/ AFF 2 (2)

=D σ C0.5(RT/AF )0
2

w
2 (3)

where Rct is the transfer resistance of Li+ ions. R is the gas constant
(8.314 Jmol−1 K−1). F is the Faraday constant
(9.6485×104 Cmol−1). T is the room temperature (298 K). A is the
contact area between the electrolyte and the electrode. σw is the War-
burg coefficient. ω is the angular frequency in the low frequency region.
C is the molar concentration of Li+ ions. And n is the number of elec-
trons transferred in every molecule during the intercalation.

From Table 1, the R1 value of Si NSs electrode in the initial cycle is
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Fig. 6. (a) Rate capabilities of Si NSs and Si
NSs@C nanocomposite electrodes at current
densities from 0.1 A g−1 to 2 A g−1 in a
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smaller than that of sample B2 electrode, which is attributed to different
degrees of electrolyte infiltration in electrodes [47]. But the reverse
results can be found for Li+ ion transfer resistance (Rct). This declares
that the Si NSs coated in the carbon layer is beneficial to the fast
transport of Li+ ions and electrons. After three cycles, the values of Rct

separately decrease from 370.3Ω to 138.8Ω and 338.8Ω to 91.9Ω for
Si NSs and sample B2 electrodes, meaning a favorable electrical contact
is formed inside of the nanocomposite, which improves the transfer-
ability of electrons and Li+ ions. The existence of carbon is also helpful
to form a stable SEI film and construct a stable conductive network
[48,49]. Furthermore, the increase of Faradic current density (IF) and
diffusion coefficient (D0) values after three cycles indicates that the
highly effective redox reactions have been allowed to occur in both
electrodes due to the enhanced reaction kinetics [50]. Compared with
Si NSs electrode, the electrochemical parameters of sample B2 electrode
improve a lot. Therefore, highlighting the existence of carbon layer is
conducive to the enhancement of electrochemical performance.

4. Conclusion

Two-dimensional Si NSs were successfully synthesized by DC arc-
discharge plasma, and the Si NSs@C nanocomposites with different
carbon contents were subsequently fabricated through the high-tem-
perature pyrolysis of phenolic resin. Si NSs are about 31 nm in mean
size and near 2.4 nm in sheet thickness. Those are coated by the phe-
nolic resin-derived amorphous carbon to form the nanocomposite with
cladding structure. Comparing with bare Si NSs electrode, the Si NSs@C
nanocomposite electrodes show enhanced electrochemical performance
due to their unique structure. The carbon coating can provide an in-
timate and robust electrical contact among the Si NSs phases, and hence
can offer a rapid transport passageway for electrons and Li+ ions. It can
also protect Si NSs from direct exposure to the electrolyte, guaranteeing
the formation of stable SEI films. Moreover, the cycling stability and the
capacity retention are able to be controlled by the different amounts of
carbon introduced. For the Si NSs@C nanocomposite electrode with the
carbon content of 66.4 wt%, it delivers a stable discharge specific ca-
pacity of 822mAh g−1 at a current density of 100mA g−1 after
200 cycles. It is believed that the Si NSs@C nanocomposites fabricated
by the facile arc-discharge plasma and high-temperature pyrolysis
methods are designable and beneficial in the anode materials of LIBs
with higher energy/power densities.
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