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particles as an anode material for Li-ion batteries†
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A novel 3-dimensional (3D) flower-like silicon/carbon composite was synthesized through spray drying

method by using NaCl as the sacrificial reagent and was evaluated as an anode material for lithium ion

batteries. This composite is composed of silicon nanoparticles distributed in the flower-like carbon

framework. Cycling test results showed that, serving as the anode material, the composite achieved

excellent capacity values of 1323 mA h g�1 at C/20 (1C ¼ 4200 mA g�1) after 100 cycles and 985 mA h

g�1 at C/2 after 200 cycles, respectively. The enhancement of electrode stability, compared to the

conventional silicon anode made of bare silicon nano particles, is attributed to the unique flower-like 3D

structure of the composite, which helps to maintain the mechanical stability of the electrode, and

therefore maintains better electrical contact between the anode material and the current collector.
Electrochemical energy storage such as lithium-ion batteries
and supercapacitors has become a critical technology for
a variety of applications, including grid electricity storage and
portable electronic devices.1 The lithium-ion battery (LIB) is one
of the most attractive energy storage devices because of its
relatively high energy density and good rate capability.2 To
further increase the energy density for more demanding appli-
cations, new electrode materials with higher specic capacity
and stable cycling performance are required. A silicon anode
attracts great interest because it has ten times the theoretical
capacity of its state-of-the-art carbonaceous counterpart.
However, one of the challenges associated with silicon anodes is
the structural degradation mainly caused by its large volume
change (400%) during cycling.3 Hence, some elegant routes
have been developed to combat this problem by using nano-
particles,4–7 nanowires,8–13 hollow-particles,14,15 Si-akes,16 Si–C
yolk–shell structure,3,17 Si–O–C composite,18–20 etc. Although the
volume change problem has been solved to some degree
through these structural designing, other problems still exist.

One of the issues is that the unavoidable volume change of
silicon particles especially silicon nanoparticles (SiNPs) would
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result in constant consumption of the liquid electrolyte when
they are exposed to the electrolyte directly and sequentially the
formation of thick solid electrolyte interphase (SEI).21,22 Thus
a stable isolation layer around SiNPs is needed to buffer their
volume change and to avoid directly contact with the electrolyte.
Different forms of carbon materials have already been widely
used in LIBs both in industry and in latest academic researches.
Carbon is an ideal isolation material because of its excellent
chemical stability, mechanical strength, electrical conductivity
and ion transmission capability. In addition, carbon and silicon
are both group IVmaterials and have good compatibility to each
other. Therefore, compositing with carbon has been widely
adopted to overcome the disadvantage of silicon anode and to
improve the electrochemical performances of the electrode,
such as cycling stability and rate capacity.

Besides material selection, architectural design is another
efficient way to address materials challenges in electrodes of
energy storage systems such as LIB and supercapacitor, espe-
cially for composite electrode materials.23 For example, prom-
ising approaches to optimize the Si/C composite anode include
but not limited to the following: creating a core–shell structured
composite to prevent SiNPs from being exposed to electrolyte by
encapsulating SiNPs in the carbon shell,22,24–28 and embedding
SiNPs in porous carbon to accommodate its volume expansion
by void space in the carbon framework. For the latter method,
the 3D porous nanostructure also avails fast ion transport by
increasing the surface area contacting the electrolyte. To create
a 3D porous nanostructure, a variety of inactive materials
named sacricial reagent have been widely exploited which play
a structural buffering role to minimize the mechanical stress
induced by the huge volume change of silicon, therefore prevent
the deterioration of the electrode integrity.2 SiO2 is an ordinary
sacricial reagent used to construct void space structure. For
This journal is © The Royal Society of Chemistry 2017
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example, Yi Cui3 et al. fabricated pomegranate-like Si/C
composite microspheres by etching the SiO2 around SiNPs
with HF to form a void space structure. Numerous research
groups have investigated Si14 or SiO2 (ref. 29) as well as SiOx (ref.
19) as the sacricial reagents that have to be removed by using
HF, which is toxic and corrosive.18,19,30 Given that, it's desired to
nd a new environmentally friendly sacricial reagent that can
be removed relatively easily to construct a void Si/C structure for
high cycling performance anode.

In this work, spray drying technique is applied to fabricate
the Si/C composite for its low cost, simple preparation
processes and scaling capability. Salt (NaCl) has been used as
the sacricial reagents to form a ower-like carbon framework
embedded with SiNPs. The SiNPs are well supported by the
carbon framework and form good contact with the current
collector during charge and discharge. As a result, this ower-
like silicon/carbon (F–Si/C) composite has exhibited superior
performance during the cycling test, showing a stable capacity
value of above 1323 mA h g�1 (at C/20) up to 100 cycles with
good rate performance. As sacricial reagent, NaCl can be easily
removed by immersing in DI water, which is convenient and
environmentally friendly. Through spray drying method, the
porous carbon framework can be fabricated using different
sacricial reagents, making it applicable to fabricate other
anode materials which also suffer volume change problems,
such as Sn, Sb, Mg, Al, etc.

The process of synthesis of ower-like Si/C (F–Si/C)
composite is illustrated in Fig. 1, and the probable steps for
the formation process of the F–Si/C composite are proposed in
the ESI part.† During the preparation process, though 6 hours
of stirring, the mixture consisting of SiNPs, NaCl, and PVP were
thoroughly blended. Aer being carbonized at 900 �C, the
ower-like structure forms when NaCl nano crystals were
removed by rinsing in deionized water, which can be seen in
Fig. 2(a–c). The F–Si/C particles are about 3–5 mm in size with
numerous carbon petals embedded with SiNPs. In order to
investigate the formation process of F–Si/C particles, interme-
diate products during the synthesis process were also observed
with SEM. During the following carbonization process, PVP
reagents in these particles was carbonized and NaCl nano
crystals were exposed (Fig. 2(d)). In addition, as shown by EDX
mapping in Fig. 2(e), Na, Cl and Si elements were evenly
distributed inside the carbon framework. In order to verify the
role NaCl played as the sacricial reagents in forming the
ower-like microstructures, we carried out a contrasting
experiment. In this experiment, the same process as above was
Fig. 1 Schematic illustration of the synthesis process of the F–Si/C com

This journal is © The Royal Society of Chemistry 2017
followed except for not using NaCl as the sacrice reagents, and
a sphere-like Si/C composite (S–Si/C) was obtained. The size of
S–Si/C particles is around 3–5 mm as Fig. 2(f) and (g) shows.
These S–Si/C particles appear to be denser, with much less
gullies or voids, and less interconnected compared to the F–Si/C
particles. The specic surface area of F–Si/C and S–Si/C
composites was analyzed by N2 gas adsorption–desorption
measurements (Fig. S2†). BET analysis indicated that the
specic surface area of F–Si/C composite was up to 173 m2 g�1,
which is much higher than the specic surface area of S–Si/C
composite (�14 m2 g�1). Comparing the two types of Si/C
particles, we can see that during the synthesis process, NaCl
plays an important role as sacrice reagent, embedding in the
carbon framework and forming voids aer being removed. As
a result, surface area of the F–Si/C composite are greatly
increased comparing to the S–Si/C composite. The advantages
of using NaCl as sacrice reagent are as following: (a) it is easier
to remove than other sacrice reagents like SiO2 or Ni which are
common used.3,31 (b) During the synthesis process, NaCl is
randomly distributed in the microstructure and not just formed
on the surface of SiNPs, leading to void spaces evenly distrib-
uted in the framework of the nal F–Si/C composite. The
advantage of this structure is that the carbon framework is
muchmore stable during the charging and discharging process,
because the void space in the framework could effectively
release the stress caused by the volume change of the SiNPs. (c)
The synthesis process is simple and environmentally friendly.
The spray drying process has been commonly used for a wide
range of industrial products. All reagents used are innocuous,
commercially available, and low cost.

The chemical compositions of the F–Si/C composite during
and aer the synthesis process were further conrmed using X-
ray diffraction (XRD). As shown in Fig. 2(h), all major diffraction
peaks are indexed to cubic Si (JCPDS card no. 27-1402) and NaCl
(JCPDS card no. 05-0628) before removing the sacrice reagents,
which indicates that the crystal type of the SiNPs were not
affected by spray drying, annealing and washing. Furthermore,
no peaks corresponding to SiO2 or SiC were detected from the
XRD pattern, which indicates that the SiNPs were protected
from oxidation by this unique structure during the whole
synthesis process of F–Si/C composite. XRD pattern of the raw
SiNPs is also provided in Fig. 2(h) for comparison.

The micro-structure of the F–Si/C composite was further
characterized by TEM (Fig. 3). It is clear that the SiNPs are
randomly distributed inside or semi-embed in the carbon
framework. It can also be seen that the SiNPs are less than
posite.

RSC Adv., 2017, 7, 30032–30037 | 30033
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Fig. 2 (a–c) SEM images of F–Si/C composite at different magnifications; (d) the SEM of F–Si/C composite after being carbonized without
removing NaCl reagents; (e and f) SEM images of S–Si/C composite. (g) Images of EDX mapping of F–Si/C composite after being carbonized
before removing NaCl reagents. It can be seen that C, O, Si, Na, and Cl all distribute evenly in the composite. The oxygen and carbon back-
grounds around the particle are from conducting tape consisting of oxygen and carbon. (h) XRD patterns of raw SiNPs, and F–Si/C composite
before and after removing NaCl reagents.
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100 nm in size, which is in agreement with the bare SiNPs we
used (D < 100 nm).

The cycling performances of the bare electrodes made of
SiNPs, F–Si/C and S–Si/C composites at a rate of C/2 with volt-
ages from 0.02 to 1 V are shown in Fig. 4(a). It is noted that the
bare SiNPs electrode exhibites a poor cycling performance. The
Fig. 3 TEM images of F–Si/C composite at different magnifications.

30034 | RSC Adv., 2017, 7, 30032–30037
capacity of the bare SiNPs electrode decreases rapidly from an
initial capacity of 3810 mA h g�1 (not shown in gure) to 128
mA h g�1 aer only a few cycles. It's reported that when normal
SiNPs are exposed to the electrolyte, the SEI lm would rupture
and form repeatedly on the surface of the bare SiNPs due to the
large volume expansion and contraction during lithium and
delithium cycling.13,32 Since the SEI lm is an electronic insu-
lator, eventually, the SEI lm with ever increasing thickness
would prevent the lithium ions from being transferred to the
surface of bare SiNPs.1,33,34 Moreover, the repeated volume
change results in the loss of electrical contact between bare
SiNPs and binder.35,36 Compared with the bare SiNPs electrode,
both the S–Si/C electrode and F–Si/C electrode shows a much
higher capacity initially and F–Si/C electrode also shows excel-
lent cycling stability. The reversible capacity of F–Si/C electrode
gradually drops from 1143 mA h g�1 at the initial cycle to 898
mA h g�1 aer 200 cycles, showing 79% of capacity retention.
Coulombic efficiency (CE) of the F–Si/C electrode is 53% at the
initial cycle, but rapidly increases to 98% at the 5th cycle, and
then gradually stabilizes at �99%. In comparision, the capacity
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Electrochemical performance of F–Si/C electrode. (a) Cycling performance of F–Si/C electrode, S–Si/C electrode, and bare SiNPs
electrode measured at C/2 (1C ¼ 4200 mA g�1). (b) Cycling performance of F–Si/C electrode at C/20 rate. (c) Galvanostatic charge–discharge
characteristics of F–Si/C electrode for the 3rd, 10th, 50th, and 100th cycles at rate of C/20. (d) Charge/discharge capacity of F–Si/C electrode at
various rates from C/20 to 4C as well as the coulombic efficiency.
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of the S–Si/C electrode decrease to 257 mA h g�1 aer 200 cycles
(23% of capacity retention) which is lower than the graphite
capacity of 374 mA h g�1 (the dot line in Fig. 4(a)). The signif-
icant improvement in cycling performance of the F–Si/C elec-
trode suggests that the F–Si/C composite can maintain a stable
structure during cycling. For the ower-like carbon framework,
void spaces can accommodate the large volume expansion of
SiNPs upon lithiation without breaking the carbon framework,
and the carbon framework is able to enhance the conductivity
between SiNPs. Futhermore, the compact carbon framework
can prevent the electrolyte from penetrating into the internal of
carbon, as well as protect the carbon framework against
destruction during the process of electrode fabrication. The
total content of SiNPs in the composite also has inuence on
the electrochemical performance, which is discussed in the ESI
part (Fig. S4–S6†).

Fig. 4(b) shows that at 100 cycles, the capacity of F–Si/C
electrode keeps stable at 1323 mA h g�1 at the rate of C/20
and the CE is around 99.6% even though the capacity
decreased slightly. This improvement of the specic capacity
and cycle life demonstrates the advantages of the F–Si/C anode
design. The voltage proles of F–Si/C electrodes exhibited
typical electrochemical features of Si, with little change aer
100 cycles, which can be seen in Fig. 4(c). Coulombic efficiency
is an indicator of the reversibility of the electrode reaction. SEI
rupture and reformation usually results in decreased coulombic
efficiency, especially in later cycles.37 The average CE from 3rd to
100th cycles of the F–Si/C electrode is as high as 99.66%. To
This journal is © The Royal Society of Chemistry 2017
further evaluate the potential of F–Si/C electrodes, charge and
discharge cycling tests were performed under various rates of C/
20, C/10, 1C, 2C, 4C. The results are plotted in Fig. 4(d). The
capacities at these rates were measured to be 1592 mA h g�1,
1243 mA h g�1, 998 mA h g�1, 724 mA h g�1, 531 mA h g�1,
respectively; even when charge rate increased 20-times from C/
20 to 1C, the F–Si/C electrode maintained �63% of its initial
capacity; it still preserved �32% of its initial capacity at 4C,
which is �1.5 times of a graphite anode (372 mA h g�1). When
the rate is returned to C/20 aer a total of 38 cycles, a capacity of
1622 mA h g�1 was still recoverable, suggesting a very stable
structure of the F–Si/C electrode even under high rate cycling.

CV proles of the F–Si/C electrode were measured to clarify
the kinetic behaviour and stability during cycling, as shown in
Fig. 5(a). As observed, one cathodic peaks centered at 0.8 V are
observed in rst cycle but disappeared in the subsequent cycles.
This is mainly attributed to the irreversible reactions between
the carbon framework and electrolyte to form the SEI layer.22

The characteristic pair (cathodic, anodic) of current peaks (at
0.21 V, 0.32 V, 0.47 V) could be attributed to the lithium-
insertion/extraction processes. It should be noted that the
cathodic peaks located at 0.21 V become more distinct during
cycling because of the gradual evolution from crystalline Si to
amorphous Si with repeated lithium-insertion/extraction
process.25 Additionally, the intensity of anodic peaks at 0.32 V
and 0.47 V increase gradually in the initial three cycles, sug-
gesting the existence of polarization processes in the F–Si/C
electrode.
RSC Adv., 2017, 7, 30032–30037 | 30035
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Fig. 5 (a) Cyclic voltammetry curves of the F–Si/C electrode in the potential window between 0.02 V to 1 V at the rate of 0.005 mV s�1. (b)
Nyquist plots of the cells with F–Si/C and S–Si/C electrodes at 3rd and 100th cycles.

Fig. 6 SEM of (a) F–Si/C and (b) S–Si/C electrode after 100 cycles.
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The change in the impedance of the F–Si/C and S–Si/C
electrodes during cycling tests were determined by EIS
measurements (Fig. 5(b)). The semicircle in the high-frequency
range of Nyquist plots is attributed to a charge-transfer
phenomenon.38 It is noted that the diameters of the semi-
circle of F–Si/C and S–Si/C electrodes are almost same in the 3rd
cycle (about 65U). It is also noted that the enhancement of S–Si/
C electrode is up to 290 U aer 100th cycles while the F–Si/C
electrode increases to 110 U suggesting an increasing of
charge transfer resistance (Rct). This result testies for the
advantages of the “ower-like” structure. It can be explained
that a comparably stable SEI was formed on the surface of the F–
Si/C electrode while a thicker and thicker SEI was developed on
S–Si/C electrode. With the cycles continuing, the expandation of
SiNPs destroys the structure of the S–Si/C electrode, which was
effectively avoided by the F–Si/C composite structure.

In order to understand the mechanism for the much higher
performance of the F–Si/C composite than the S–Si/C
composite, the cells of F–Si/C and S–Si/C electrodes were dis-
assembled aer 100 discharge/charge cycles in fully delithiation
condition. For the F–Si/C electrode, as shown in Fig. 6(a), the
overall ower-like structure is maintained. Although not as
clearly dened as freshly prepared due to the SEI formation and
the volume change of Si, SiNPs can still be seen as embedded in
the outer surface of the carbon petals. On the other hand, for
30036 | RSC Adv., 2017, 7, 30032–30037
the S–Si/C electrode, comparing Fig. 6(b) with Fig. 2(f), one can
see that the spherical structure was fractured into smaller piece,
losing structural integrity, which we believe it is due to the
expandation of SiNPs during the cycling. In addition, we believe
that for the S–Si/C structure, the SEI would form outside of the
carbon micro particles, leading to a low ionic conductivity.
Therefore, the battery fails quickly aer several cycles.

From the above analysis, we can conclude that the ower-like
structure made by using NaCl sacrice reagents is benecial to
maintain the structural stability of the composite electrode. The
ower-like structure can accommodate the dramatic deforma-
tion processed that occur when SiNPs are loaded with Li-ion,
maintain good structural stability, good electronic and ionic
conduction pathways, which results in excellent cycling
performance.
Conclusions

A ower-like Si/C (F–Si/C) was synthesized using the method of
spray drying with the environmentally friendly and low-cost
NaCl as sacrice reagents. The F–Si/C electrode exhibited
a high reversible capacity of 1323 mA h g�1 aer 100 cycles at
a C/20 rate. Compared with SiNPs and the sphere-like Si/C, the
F–Si/C electrode had the best combination of reversible capacity
and cycling stability. The excellent cycling performance of F–Si/
This journal is © The Royal Society of Chemistry 2017
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C was attributed to the special ower-like structure which is
SiNPs embedded in the carbon framework with partial void
spaces that accommodates the volume expansion. This low cost,
easy-to-use synthesize method may also be useful for other
materials that suffers from volume change during electro-
chemical reactions.
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