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Silicon is regarded as the next generation anode material for LIBs with its ultra-high theoretical capacity and abundance.
Nevertheless, the severe capacity degradation resulting from the huge volume change and accumulative solid-electrolyte interphase
(SEI) formation hinders the silicon based anode material for further practical applications. Hence, a variety of methods have
been applied to enhance electrochemical performances in terms of the electrochemical stability and rate performance of the
silicon anodes such as designing nanostructured Si, combining with carbonaceous material, exploring multifunctional polymer
binders, and developing artificial SEI layers. Silicon anodes with low-dimensional structures (0D, 1D, and 2D), compared with
bulky silicon anodes, are strongly believed to have several advanced characteristics including larger surface area, fast electron
transfer, and shortened lithium diffusion pathway as well as better accommodation with volume changes, which leads to improved
electrochemical behaviors. In this review, recent progress of silicon anode synthesis methodologies generating low-dimensional
structures for lithium ion batteries (LIBs) applications is listed and discussed.

1. Introduction

Since the invention of first commercial lithium ion battery
in 1990s, LIBs have become the most popular and dominant
energy storage device powering light electronics, owing to
its high energy density, high operating voltage, low self-
discharge, and slight memory effect [1–4]. Current com-
mercial lithium ion batteries are manufactured based on
the graphite anodes and lithium cobalt oxide cathodes [5].
The mechanism for graphite anode material is based on
the intercalation of lithium into the layers of graphite bulk
crystal by forming Li𝑥C6 alloy [6], endowing a stable and
safe electrochemical behavior for graphite anodes. However,
the relatively low theoretical capacity (372mAh/g) and poor
ratability of graphite failed to meet the growing social
and industrial demand, holding it back for further critical
applications as electric vehicles and grid-scale energy storage
systems [7–9].

Tremendous work has been done focusing on develop-
ing a promising anode material with higher capacity and

reasonable cycle life. Dey et al. and Boukamp et al. found
that lithium could alloy with many electrochemically active
materials under room temperature including Sn, Pb, Al, Au,
Pt, Zn, Cd, and Si [10, 11], among which silicon has shown
great potential to be the next generation anode material for
LIBs with its theoretical capacity of 4200mAh/g and high
abundance on earth (Figure 1) [11].

The alloying process of lithium and silicon could generate
various formations of Li-Si alloys as shown in Table 1. Each
silicon atom could accommodate with 4.4 lithium atoms [12,
13], forming Li22Si5 alloy, leading to the highest theoretical
capacity among the electrochemically active materials [14].
However, severe problems are still confronted before using
Si anode for practical applications [15, 16]: silicon undergoes
huge volume expansion and shrinkage in lithiation and
delithiation processes due to its alloying mechanism [17,
18]. The huge volume change of silicon anode would cause
disintegration and pulverization of the active material, caus-
ing poor electronic conductivity and an unstable SEI layer
formation [19]. The poor electronic contact between active
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Figure 1: The fracture and crack of silicon during lithiation [31].
Copyright 2012 American Chemical Society.

material and conductive additives, as well as the accumulative
SEI layer, can cause dramatic capacity fade, low Coulombic
efficiency, and eventually failure of the cells [20, 21]. A failure
mode of micro-sized silicon anode was proposed by Ryu et
al. The initial specific capacities of alloying and dealloying
processes of the silicon based anode can reach 3260mAh/g
and 1170mAh/g, respectively, resulting in a low Coulombic
efficiency of 35% [22]. After 10 cycles, the capacity of charge
process fades to approximately 200mAh/g with a retention of
6.1% [22].

Low-dimensional structures of silicon have been intro-
duced and tested for better electrochemical performances
[2, 23–26]. A great number of works have demonstrated
the success of utilization of the low-dimensional struc-
tures in terms of the better electrochemical stability and
enhanced rate performance [23, 27–30]. The smaller dimen-
sion structures compared with the bulky silicon have shown
several improved characteristics for better electrochemical
performances as investigated in the previous research: low-
dimensional silicon anode materials maintain larger surface
area; thus the fast electron transfer and shortened lithium
diffusion pathway would be allowed for better rate per-
formance; also, the smaller sizes of silicon could provide
better accommodation with volume changes for better elec-
trochemical stability [31–39]. In this review, different low-
dimensional structures (0D, 1D, and 2D) synthesized from
various fabrication methodologies with enhanced electro-
chemical behaviors would be listed and discussed.

2. Synthesis and Application of
Silicon Particles

2.1. Silicon Nanoparticles. In terms of suppressing the volume
change of silicon based anodes, altering the morphologies
and crystal structures of silicon is believed to be a useful
approach. Nanosized silicon particles have shown promising
potential for being next generation anode material of LIBs
[40–42], which are commercially available. The nanospher-
ical structures of Si can relax the stress generated from
the volume change during cycles and possess more free
room surrounded.Moreover, the chemical syntheticmethods
have been rather mature, and much superior electrochemical
performance has been achieved from those approaches after
a long time of investigation (Figure 2).

2.1.1. Hollow Structured Silicon. Silicon hollow nanoparticle
is an interesting structure of silicon nanoparticles because it
provides inner space allowing silicon to expand its volume
both externally and internally [43]. In 2007, a nest-like silicon
nanoparticle was reported with a reversible lithium storage

Table 1: Volume change induced by Li atom for the Li-Si system
[11, 17].

Phase Volume per
Si atom (Å3)

Volume change
induced per Li
atom (Å3)

Si 20 —
Li7Si2 67.3 13.5
Li12Si7 58 22.4
Li13Si4 67.3 14.6
Li14Si6 51.5 13.7
Li22Si5 82.4 14.2

of 3952mAh/g at 100mA/g and a ratability of 3052mAh/g at
2000mA/g [44]. The synthesis was based on a solvothermal
method in which sodium silicide (NaSi) and ammonium
bromide (NH4Br) [44] were involved as reacting agents to
generate silicon while LaNi5 was adopted to absorb the
hydrogen as by-product. The reactions could be described as
[44]

NaSi +NH4Br → NaBr +NH3 + Si +
1

2
H2 (1)

LaNi5 +H2 → LaNi5H1∼6. (2)

In 2011, Yao et al. reported an interconnected silicon
hollow sphere electrode with an initial discharge capacity of
2725mAh/g and a retention of 52.1% after 700 cycles [45].
The Coulombic efficiency in later cycles reached to 99.5% at
C/2 [45]. Those interconnected hollow silicon nanoparticles
were synthesized through a template method [45]: nano-
silica-particle precursors were firstly drop-coated on stainless
steel substrate and coated with silicon by adopting chemical
vapor deposition (CVD) of SiH4; then the hollow silicon
nanoparticles were obtained by etching away silica with dilute
HF.The characterization results and the synthesis procedures
are shown in Figure 4. From the SEM and TEM results,
hollow silicon particles with a diameter in nanometer scale
were proved (Figure 3) [45].

2.1.2. Porous Silicon. Porous structure is another useful form
of silicon nanoparticles which could provide free space for
volume expansion of silicon and short path-length for lithium
ions to diffuse [55]. Recently, Ge et al. [55] proposed a
scalable method to synthesize silicon porous nanoparticles
by using a two-step doping and etching process. The silicon
nanoparticles were firstly mixed and annealed with boric
acid in doping phase; then the system was etched by HF
and silver nitrite to generate the porous structure of silicon
nanoparticles [55]. This material also showed improved
electrochemical performance. The specific capacity of this
silicon porous nanoparticle could stabilize at 1000mA/h after
200 cycles at C/2.

2.1.3. Silicon Nanoparticle/Carbon Composite. The approaches
discussed above did provide better electrochemical perfor-
mance compared with silicon bulk crystal anodes, yet the
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Figure 2: Recent development of 0D silicon structures. (a) The hollow structured silicon. (b)The carbon tube trapped silicon nanoparticles.
(c)The core-shell structure of silicon nanoparticles. (d)The carbon coated silicon porous microparticles. Reprinted with permission [45–48].
Copyright 2011, 2012, 2015 American Chemical Society.
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Figure 3: SEM (a) and TEM (b) images of the silicon hollow nanoparticles. Reprinted with permission [45]. Copyright 2011 American
Chemical Society.
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Figure 4: Schematic illustration of the synthesis of the carbon tube
trapped silicon. Reprinted with permission [46]. Copyright 2012
American Chemical Society.

chemical synthetic routes were high-cost and nonscalable.
Moreover, clear accumulation of SEI layer formation could
be seen through these methods. Carbon coating is believed
to be a useful protective layer material because of its soft
and compatible nature as well as good conductivity, which
could help with formation of stable SEI layer and promote
electronic conductivity [48, 56].

In 2012, Wu et al. [46] reported a facile and scal-
able synthetic approach where silicon nanoparticles were
mechanically produced and trapped in hollow carbon tube.
The commercial silicon nanoparticles were firstly well mixed
in TEOS solution, by serving as the silicon dioxide precursor.
Then a low-cost and widely used electrospinning technique
was adopted to generate silicon dioxide nanofibers containing
silicon nanoparticles through the prepared solution system.
After carbonization of the polystyrene coating and etching
by HF, the sparsely packed silicon nanoparticles trapped
in hollow silicon tube were obtained. In this design [46],
hollow space between carbon tube and silicon nanoparticles
was provided for volume expansion of silicon. This structure
exhibited a gravimetric capacity of 1000mAh/g and main-
tained 90% thereof in 200th cycle [46].

Some other interesting structures of nano-silicon-carbon
composite material have been proposed. Among them, a
protective layer covered silicon nanoparticles showed great
potential to address the severe capacity fade and lowCoulom-
bic efficiency of silicon based anodematerial for the following
reasons [57–59]: first, a protective layer could leave some
free room between silicon and the coating, providing proper



4 Journal of Nanomaterials

+Li

Figure 5: Schematic illustration of yolk-shell structure. Reprinted
with permission [47]. Copyright 2012 American Chemical Society.

space for volume expansion of silicon. Also, a confined layer
could restrict the pulverization process of silicon, contribut-
ing to the integration of the anode material. Moreover, a
complete and conductive layer could efficiently minimize
the direct electrode-electrolyte contact and enhance the
electronic conductivity of anode material, leading to a bet-
ter electrochemical performance. In 2012, Liu et al. [47]
proposed a yolk-shell structure through low-cost precursors
and scalable approach. The commercially available silicon
nanoparticles were coated by solution-phase silica layer and
polydopamine layer orderly in order to have a conformal and
homogeneous coating [47]. Later the silica layer was etched
away byHF and the polymer layer was carbonized to nitrogen
doped carbon shell, leaving a conformal and complete carbon
shell coated silicon nanoparticle with free void space [47].
This material achieved an initial capacity of 2800mAh/g at
C/4, a retention of 74% after 1000 cycles, and a Coulombic
efficiency of 99.84%, resulting from a complete, conformal,
and self-supporting carbon shell, which could get rid of the
direct contact between electrolyte and electrode, leading to a
more stable SEI layer and less side reactions (Figure 5) [47].

In 2014, a novel structure composed of carbon shell
coated silicon nanoparticles was reported by Liu et al. [60].
Their work was inspired by the structure of pomegranate,
in which a large quantity of yolk-shell structures was closely
packed, forming a pomegranate structure consisting of sili-
con nanoparticle, conformal and complete carbon shell, and
the void space in between [60]. The synthesis approach was
similar to that of yolk-shell structure, where a silica solution-
phase layer and a polymer layer to be carbonized were
involved. In order to obtain the pomegranate-like structure,
an additional evaporation-driven self-assembly was added.
This structure, explained by authors [60], could extremely
minimize the electrolyte-electrode contact area and side
reactions of electrolyte and promote the electronic connec-
tivity with conductive additives, leading to a much stable
electrochemical performance (97% capacity retention after
1000 cycles) and high volumetric capacity (1270mAh/cm3).

The size effect of silicon nanoparticle based anode mate-
rial has been investigated [61–63]. Liu et al. reported the
study of lithiation of silicon nanoparticles by the in situ TEM
microscopy. A threshold size of 150 nm for silicon nanopar-
ticles was found. Silicon nanoparticles would not crack or
fracture during the first lithiation with a diameter below
150 nm and would generate cracks during first lithiation with
a diameter over 150 nm [31].This phenomenonwas explained
by a two-phase model proposed by the authors, in which the
inner core of the lithiated silicon would remain as crystalline
phase and the outer shell would become the amorphous Li-Si

alloy. The size-dependence is contributed by the insufficient
amount of hoop tension to form the cracks in the small-sized
silicon nanoparticles [31].

Ma et al. proposed a critical size for silicon nanoparti-
cles of ∼90 nm based on the order-length-strength (BOLS)
correlation mechanism [64, 65], below which the fracture
would not be formed and above which the crack would occur
during lithiation [66]. Kim et al. proposed a work comparing
different small silicon nanoparticles. Silicon particles with
10 nm diameter showed the higher charge capacity, lower
Coulombic efficiency, and a lower capacity retention of 81%
compared with the ones with diameters of 20 nm [67].
After being coated with carbon, the 10 nm sized silicon
nanoparticles showed improved Coulombic efficiency and
capacity retention [67].

Magnesiothermic reduction method is a widely used
approach to synthesize silicon based anodematerials [68–71].
For instance, Xie et al. reported a porous silicon nanoparticle
formation through magnesiothermic reduction synthesis by
using the monodisperse silica sphere as stating material [72].
The reduction process is shape-preserving and providing a
well-dispersed silicon spherical template for further carbon
coating process, which helps exhibit a good electrochemical
performance. The magnesiothermic reduction method is a
facile and scalable synthesis method to reduce prepared silica
template to the desired shape-preserving silicon material.
Also, compared with carbothermal reduction approach, the
temperature employed in the magnesiothermic reduction is
much lower (∼650∘C) [73].

However, few limitations have restricted the further
application of silicon synthesis. For example, the original
structures of silica template would be well preserved during
the magnesiothermic reduction process, which indicates that
the reduction procedure would have no contribution to the
structural formation of the silicon, requiring an extra novel
structure preparation of silica precursors [74]. The reduction
agent, metallic magnesium, would be melted under ∼650∘C
during the reduction process, leading to an incomplete
reduction of silica.The etching process of the unreacted silica
often requires the participation of HF, which is extremely
dangerous and unenvironmentally friendly.

2.2. Silicon Microparticles. As has been investigated above,
silicon nanostructures synthesized from various method-
ologies exhibited improved electrochemical performance
including higher reversible capacity, longer cycle life, and
better high-rate capability due to the size effect and unique
structures. However, the better electrochemical performance
of silicon nanoparticle anodes is achieved though low mass
loading of active material, leading to a low volumetric
capacity. Also, a large portion of synthetic routes [44, 45, 47]
to produce silicon nanostructures was involved with high-
cost and nonscalable techniques, making it nonaccessible for
industrial applications. In contrast, silicon microparticles are
already commercially available and of low-cost.

Various methodologies to produce silicon microparticles
for lithium ion battery application have been conducted
and tested. In 2007, Bao et al. [73] produced silicon porous
microstructure by adopting a magnesiothermic reduction
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Figure 6: Schematic illustration of the synthesis of the nonfilling carbon coated silicon. Reprinted with permission [48]. Copyright 2015
American Chemical Society.

process with a high specific surface area and a highly porous
three-dimensional structure for various application including
sensors, electronics, and optical and biomedical utilizations.
In 2013, Wang et al. [75] adopted hydrogen-bonding self-
healing polymermaterial as coating to pack siliconmicropar-
ticles for stable and deep galvanostatic cycling. Compared
with traditional polymer binder material as polyacrylic acid
(PAA), the damage in the electrode caused during cycling
could be automatically repaired by the predesigned self-
healing function [75].The anode achieved a retention of 80%
of the initial capacity after 90 cycles, which wasmore than ten
times longer than those of all the other silicon microparticle
electrodes [75].

Later, Lu et al. [48] proposed a novel model where
porous silicon microparticles were covered by a nonfilling
carbon coating through cheap precursors and mild synthetic
approach. Commercial siliconmonoxidemicroparticles were
first coated by resin coating and annealed under high temper-
ature so that a two-phase structure occurred through the dis-
proportionation of siliconmonoxide forming interconnected
silicon nanoparticles surrounded by silicon dioxide matrix
and resin coating which were converted to carbon coating
in the meantime [48]. After etching of HF, the micro-sized
silicon porous particles covered by nonfilling carbon coating
was obtained [48]. The synthetic route is shown in Figure 6.
This work is comparably scalable and of low-cost resulting
from the commercially available precursors and simple step
to obtain silicon monoxide and carbon coating conversion
spontaneously. As a result [48], this structure obtained a
specific reversible capacity of 1500mAh/g after 1000 cycles at
C/4 with a mass loading of 0.614mg/cm2. The structure also
showed a stable areal capacity of 3mAh/cm2 with a highmass
loading of 2.01mg/cm2 [48], which fully addresses the low
mass loading problem of silicon nanoparticle anodes.

A size effect of silicon-carbon micro-sized composite
anodematerial was reported. Yi et al. found a threshold size of
15 nm for the siliconnanoblocks building up the siliconmicro-
particles [76]. The silicon microparticles comprising silicon
nanoblocks with critical size and carbon coating showed high
capacity and improved electrochemical stability [76].

3. Synthesis and Application of Silicon
Nanotubes and Fibers

3.1. SiliconNanotubes. Silicon nanotubes are another exciting
structure of silicon which has been applied and tested in

various fields including lithium secondary cells and other
nanoelectrochemical devices [77–80]. In LIBs study, silicon
nanotube has drawn a lot of attention due to its unique hollow
structure which could provide both inner and outer space for
silicon to expand during cycling, minimizing the cracks and
damage to the anode. What is also contributing is the shorter
path-length and large surface area offered by the thin wall
of silicon nanotubes. These advantages are believed to make
silicon nanotube promising for further application and study.

3.1.1. Template Assisted Synthesis of Silicon Nanotubes. At
the initial stage of silicon nanotube study, templates were
introduced to assist the synthesis of nanotube structure. In
2002, the nanotube structure of silicon was firstly synthesized
by Sha et al. through an anodized alumina with nanochannel
template assisted method. Silane gas was decomposed by
chemical vapor deposition (CVD) method and deposited
on the surface of nanochannels of the anodized alumina
[81]. Later, multiple silicon nanotubes fabricated by template
assisted methods were reported and applied for lithium
ion battery. In 2009, Park et al. prepared silicon nanotube
by another anodized alumina template assisted method.
The silicon precursor, SiCl4, was reduced and deposited
into the anodized alumina template with pore diameters of
200–250 nm [23]. After being coated with carbon, this silicon
nanotube composite material was tested as half-cell and
showed outstanding reversible performance. The reversible
charge capacity could reach 3648mAh/g and a retention
of 89% at 0.2 C [23]. This outstanding electrochemical
performance was attributed to the unique tubular silicon
structure and the carbon coating which could avoid forming
accumulative SEI layers.

Various forms of templates were utilized to fabricate
silicon nanotubes. In 2010, Song et al. adopted zinc oxide
as template material to synthesize arrays of sealed silicon
nanotubes. The synthetic routes consist of three steps [27]:
the zinc oxide rods were grown on the sacrificial template
material by a hydrothermal reaction. Then silicon layer was
coated by decomposing silicane through a CVD method on
the zinc oxide rods template. In the end, a high tempera-
ture reduction process was introduced to remove the zinc
oxide template and form the sealed silicon nanotubes. This
structure exhibited a high initial Coulombic efficiency of 85%
and a stable cycling performance of retention of 80% after 50
cycles, resulting from the additional void space provided by
the inner empty room of the structure [27]. Moreover, the
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mechanical tests of this structure during lithiation indicated
a huge anisotropic volume expansion with 400% volumetric
increase of the surfaces area while only a 35% expansion
was found in the axis dimension, which provided a general
guideline for the following study [27].

In 2012, a feasible organic nanowires assisted silicon
nanotubes fabrication method was reported by Yoo et al.
This synthetic method could be generalized into four steps
[78]: polyacrylonitrile (PAN) nanofibers synthesized from
electrospinning were converted into pyridine fibers through
air pyrolysis. Then the obtained pyridine fibers were coated
with another tetraethyl orthosilicate (TEOS) layer. Later
the pyridine fibers served as template were removed to
have silicon dioxide nanotubes. Finally, after the magnesium
reduction and graphitic carbon coating, the silicon nanotube
covered by carbon shell would be ready for further tests. In
electrochemical tests, the obtained structure showed stable
performance comparedwith commercial silicon nanoparticle
anodes: an initial capacity of 1900mAh/g at 400mA/g and
a Coulombic efficiency of ∼98% [78]. This work proposed
a comparably scalable and low-cost synthesis method com-
pared with former template assisted approaches, which can
make a step forward to the larger scale production of silicon
nanotubes. A similar synthesis route was reported by Wen et
al. via utilizing rod-like NiN2H4 as template and a thermal
reduction process [82].

The hollow structure of silicon nanotubes can provide
an inner space for silicon to expand during lithiation, yet
as discussed above, silicon nanotube can undergo a volume
expansion with 400% volumetric increase, resulting in a SEI
layer crack during the shrinkage of silicon, finally leading
to an accumulation of SEI. The unstable SEI formation can
directly cause the cell failure resulting from [83]: the accumu-
lated SEI formation can continuously consume lithium ions
and electrolyte; the insulating thick SEI layer could restrict
the electronic conductivity of conductive additives and anode
materials while creating a long pathway for lithium diffusion;
also themechanical stress from the thick SEI layer could cause
electrode material degradation. Based on these explanations,
a confined layer structure which could provide the pathway
for ion diffusion and enough mechanical strength to restrict
the volume change of silicon is needed for silicon nanotube
structures to be further applied in anode material study.

In 2012, Song et al. reported a Si/Ge double-walled
nanotubewith improved capacity and stability with respect to
bulk silicon anodes. In their design, zinc oxide nanorods fab-
ricated from hydrothermal reaction were utilized as template
material and coated by silicon layer through CVD method.
After etching away the zinc oxide nanorods, Ge layer was
coated outside of the silicon nanotube through CVDmethod
by adopting germane gas as precursor [49]. The obtained
structure could be seen in Figure 7.The electrochemical tests
of the structure showed stable capacity retention of 85% after
50 cycles at 0.2 C and doubled capacity at the rate of 3C [49].
The electrochemical stability and ratability are contributed by
themechanical strength and easy diffusion pathway provided
by the Ge layer. Moreover, this work has proved that the
group IVA/silicon nanocomposite structures are promising
for future investigation and application of anode material.

(a)

1 m

(a)

(b)

100 nm

(b)

(c)

50 nm

(c)

Figure 7: Recent development of 1D silicon nanotubes. (a) The
unsealed silicon nanotube array. (b)The sealed single-layered silicon
nanotubes. (c) The sealed double-layered silicon nanotubes [23, 27,
49]. Copyright 2009, 2010, 2012 American Chemical Society.

Another carbon group element was chosen to form
double-walled structure with silicon by Wu et al. In their
design [83], electrospun polymer fibers were firstly precar-
bonized and coated silicon through a CVD process. Then
the heterostructure was annealed in air to oxidize carbon
into carbon dioxide gas and form SiO𝑥.Thus a double-walled
structure consisting of inner silicon wall and outer silicon
oxide wall was obtained. This structure showed exciting
stable electrochemical performance [83], where retentions of
93% and 88% of initial capacity were recorded after 4000
and 6000 cycles, respectively, at 10 C. The outer layer of
silicon oxide provided an accessible pathway for ion diffusion
while providing mechanical strength to restrict the volume
expansion of silicon, contributing a stable and thin SEI
formation. However, the initial Coulombic efficiency was
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Figure 8: Recent development of 1D silicon nanowires. (a) The nanowires synthesized from bottom-up methods. (b) The silicon nanowires
synthesized from top-down method [50–52]. Copyright 2005, 2008 American Chemical Society.

only 76% due to the constraining force of silicon oxide layer
and the consumption of lithium ions during the SEI layer
formation [83].

As has been investigated above, silicon nanotube struc-
tures have exhibited improved electrochemical performance
compared with silicon bulk anodes. However, template
assisted synthesis approaches of silicon nanotubes are still
complicated and nonscalable due to the multiple steps of the
synthesis route and the high-cost techniques. Great efforts are
still needed to address these restrictions.

3.1.2. Template-Free Synthesis of Silicon Nanotubes. Recently,
template-free methods have been developed. In 2005, a
hydrothermal reaction involved method was introduced by
Chen et al. to fabricate silicon nanotubes [77]. The starting
material, silicon monoxide, and deionized water were firstly
mixed in kettle and underwent two steps: in the beginning
were the decomposition of silicon monoxide and the nucle-
ation of silicon nanotube; then the silicon nanotube growth
process started. It was a self-assembly process, generating
silicon nanotube structure with smaller dimension and purer
phase compared with traditional template-involved synthe-
sis. Another template-free synthesis route to produce silicon
nanotube was proposed by Castrucci et al., in which direct
current-arc method was introduced to produce the nanotube
structure with small dimension [84]. The methodologies
mentioned above could generate silicon nanotube structures
without participation of template, yet the low mechanical
strength and tiny dimension of the nanotubes restrict them
for further anode application of lithium ion battery.

In summary, silicon nanotube based anode material has
shown improved stability and high-rate capability compared
with conventional silicon bulk anodes. The unique mechani-
cal behavior and short ion diffusion pathway of the nanowalls
make it helpful to form a stable SEI layer during cycling,
leading to an improved electrochemical stability. However,
the low volumetric capacity resulting from hollow structure
and porous nature of silicon nanotubes, together with the
nonscalable synthesis routes, is severely minimizing their
possibility of further commercial application. Hence, mild
and facile synthesis is required for future application.

3.2. Silicon Nanowires. The successful synthesis of silicon
nanowire was firstly reported in late 1950s [85]. Since then,
various synthesis methods were studied and reported to

fabricate silicon nanowires with desired dimensions. Sili-
con nanowires, together with other nanoscale structures as
nanoparticles and nanotubes, could relax the stress com-
ing from volume change during cycling and restrain crack
and pulverization of anode material due to their unique
grain boundary dynamics [28, 86]. Correspondingly, silicon
nanowires have been applied in anode material study of LIB
since 2007 with advanced and outstanding electrochemical
performance [83, 87]. Inspired by the mature synthesis
approaches and promising electrochemical performance,
more and more silicon nanowire structures are being studied
and tested electrochemically (Figure 8).

3.2.1. Vapor-Liquid-Solid Synthesis of Silicon Nanowires. The
vapor-liquid-solid (VLS) mechanism, a bottom-up method,
is the most mature and widely used synthesis mechanism
for silicon nanowire growth. Hochbaum et al. combined
commonly used CVD technique to grow silicon nanofibers
through VLS mechanism in 2005. In their work [50], ver-
tically aligned and single-crystalline silicon nanowires were
synthesized through CVD technique by adopting SiCl4 and
gold colloids, which were served as silicon precursor and the
seeding material, respectively. The diameters and density of
the produced silicon nanowires could be precisely controlled
by altering the diameter and solution concentration of the
gold colloids. Moreover, the control of spatial distribution
can be achieved by changing patterning region through the
microcontact printing of the gold colloids.

Another CVD involved template assisted synthesis
through VLS method with much higher packing density
of wires was reported by Lombardi et al. In their work
[88], gold loaded porous anodized alumina was annealed
in furnace where silicane gas was introduced and formed
well-ordered and closely packed silicon nanowires. After the
removal of alumina template, vertically aligned nanowires
supported on silicon substrate would be obtained [88].
The dimensions and packing density of the nanowires are
controllable through adjusting the dimensions and density
of pores in aluminum oxide template, which could be easily
achieved [88]. These two methods mentioned above are
involved with high temperature annealing (∼800∘C), when
low temperature annealing via CVD technique was adopted,
interesting phenomenonwas observed. In 2004, the synthesis
of single-crystalline silicon nanowires in few nanometers’
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scale was reported through CVD technique at 435∘C [26],
which was in much lower dimension than the previous work.

As was discussed above, a VLS mechanism based synthe-
sis approach through CVD technique can precisely control
the dimension, packing density, and spatial distribution
of the obtained silicon nanowires. Inspired by the mature
and successful synthesis method, electrochemical application
of the silicon nanowires has been investigated. In 2007,
Chan et al. successfully applied silicon nanowires to LIB
application through a CVDmethod. After the synthesis, ver-
tically aligned silicon nanowires supported by stainless steel
substrate were tested electrochemically [2]. This structure
exhibited an improved initial Coulombic efficiency of 73%
and high-rate capability [2]. The 2D structure can endure
expansion and shrinkage of silicon without nucleation or
propagation of the cracks or pulverization of anode. Also,
the 1D geometry is believed to greatly promote the elec-
tronic conductivity between active material and conductive
additives and shorter ionic pathway [89–92]. However, the
Coulombic efficiency showed was still low mainly resulting
from the unstable and accumulated SEI layer formation on
the outer layer of the silicon nanowires. Hence, in order to
address the challenge mentioned, a lot of work has been
reported. Silicon nanowires covered with carbon coating
were prepared by Chen et al. In their work [93], the silicon
nanowires coated by a conductive and mechanically rigid
carbon coating showed improved initial Coulombic efficiency
of 83% and a capacity retention of 75% in 15th cycle.

As was discussed previously, carbon coating can enlarge
the electronic conductivity and minimize the electrolyte-
electrode contact area, resulting in a stable and thin SEI layer
and therefore a more stable electrochemical performance
compared with bulk silicon anodes. Conductive polymer
coating was also employed to silicon nanowire study. If
compared with silicon nanoparticle based anode material,
the electrochemical stability of silicon nanowires is still
quite low due to the detachment of nanowires from the
substrate during volume expansion [94]. In order to address
this limitation, Nguyen et al. proposed a novel synthesis
methodology to fabricate interconnected silicon nanowires,
where plasma-enhanced CVD (PE-CVD) was involved. In
their work [94], highly interconnected and entangled silicon
nanowires were produced, which could largely restrict the
detachment of individual nanowires when excess stress was
applied at the root during lithiation.The desired structure did
show enhanced electrochemical stability. A capacity retention
of 100% after 40 cycles at C/2 and a retention of 90% after
70 cycles at 2 C were reported [94]. Moreover, through the
PE-CVD methodology, a high load of silicon of 1.2mg/cm2

and a high areal capacity of 4.2mAh/cm2 were achieved [94],
contributed by the interconnected nanowire structures.

As was mentioned, the VLS method with CVD is a
mature and widely employed approach to synthesize silicon
nanowires with precisely controlled dimension and distribu-
tion.The structures fabricated fromVLSmethod have shown
improved and promising electrochemical stability and high-
rate capability. However, few limitations have restricted this
method from further academic and industrial applications.

Trisilane Si
atoms Si nanowire-Au seeded

Au
nanocrystal

Si3H8

Figure 9: Schematic illustration of the SLS growth of the silicon
nanowires. Reprinted with permission [51]. Copyright 2008 Ameri-
can Chemical Society.

First of all, all CVD involved methods including the VLS
mechanism suffer from the high-cost and low yield nature,
largely minimizing the potential of silicon nanowires for
scalable synthesis. Also, the silicon nanowires synthesized
from VLS methods require support from substrate material,
easily forming side reactions and metal silicates from the
nanowire and substrate contact [95], leading to capacity fade.
Thusmore efforts are demanded to counter these restrictions.

3.2.2. Solution Based Synthesis of Silicon Nanowires. Solution
based synthesis approach, also a bottom-up method, is
a high-yield methodology compared with the bottom-up
method. The first solution based method to produce silicon
nanowires was reported by Korgel’s research group in 2000.
In their work [96], a “supercritical-fluid-liquid-solid” (SFLS)
method was adopted, in which silicon nanowires start to
grow on the surface of the alkanethiol coated gold nanocrys-
tals when the concentration of silicon precursor solution
becomes saturated. The saturation process is controlled by
the applied heat and pressure. Due to the participation
of supercritical of liquid, the fabricated silicon nanowires
are coated with a thin chemisorbed polyphenylsilane shell
[51, 97–99]. A large yield of detect-free microscale silicon
nanowires was obtained with uniform diameter distribution
[96]. Parallel with theVLSmethod, the SFLSmethod requires
participation of catalyst like Au and possesses the nature to
control the orientation of produced silicon nanowires [96,
99]. Unlikely, the liquid phase silicon precursor and gold
nanocrystal dissolved supercritical liquid system is able to
deliver a high-yield and defect-free silicon nanowire produc-
tion in high pressure and temperature. Inspired by this work,
the solution-liquid-solid method (SLS) was proposed later
[51]. In 2008, Heitsch et al. employed organic solvent instead
of supercritical liquid to fabricate high-yield microscale
silicon nanowireswith diameters of∼25 nm in the presence of
Au or Bi nanocrystals under atmospheric pressure (Figure 9)
[51].

In 2010, silicon nanowire anode based on SFLS for lithium
ion battery method was reported by Chan et al. In their
work, silicon nanowires with a yield of 45mg/h were mixed
with carbon conductive additives and tested electrochemi-
cally [98]. However, huge capacity fade occurred during the
galvanostatic charge and discharge test. The initial capacity
of 1077mAh/g and a retention of 14% after 75 cycles were
achieved [98]. It was explained that the polyphenylsilane shell
chemisorbed of the silicon nanowires prohibited electronic
connectivity between active material and the conductive
additives [98]. To address the poor electronic conductivity
caused by polyphenylsilane shell, Chokla et al. employed
an additional thermal annealing process to convert the
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polymer coating with poor conductivity to the carbonaceous
layer. In their work, the silicon nanowires synthesized from
the mature SFLS method with polyphenylsilane shell were
annealed in titanium reactor under 490∘Cand a high pressure
of 10.3MPa [97]. Afterwards, crystalline silicon nanowires
with diameters in tens of nanometer scale and length in
microscale were obtained, which indicated that the additional
thermal annealing process did not cause any damage to
the structure of silicon nanowires [97]. Correspondingly, an
improved initial capacity retention of 54% after 100 cycles
was obtained [97]. In general, solution based synthesis can
provide high-yield silicon nanowires, yet the electrochemical
performance is limited by the inactive residual and unstable
SEI layer formation. In order to have better electrochemical
performance of this structure, revised andmodified synthesis
routes are demanded.

3.2.3. Top-Down Synthesis of Silicon Nanowires. Differen-
tiating from bottom-up synthesis, conventional top-down
approach consists of the patterned silicon substrate fab-
rication and the following etching process. In 1993, Liu
et al. reported yielded silicon nanowires with self-limiting
diameters of less than 10 nanometers [100]. The synthesis
route consists of electron-beam lithography and self-limiting
oxidation reaction etching process to generate nanofibers
[100]. Later, multiple patterned silicon substrate fabrication
methods were introduced and tested [52, 101–103]. When
the obtained structure is tested as anode for lithium ion
battery study, the two-step top-down synthesis methods
are less popular due to the complicated and nonscalable
procedures. Therefore, a one-step electroless-etching process
is more widely adopted. Peng et al. reported metal-induced
electroless etched silicon nanowires with good conductivity.
In their work, a large area of silicon nanowire arrays in wafer-
scale was produced through the metal-induced chemical
etching process directly from the original silicon wafer
[104]. Therefore the obtained rough silicon nanowires would
inherit the characteristics from the silicon wafer [104]. From
the electrochemical results, large charge capacity and long
cycling stability were obtained, contributed by the inherited
electronic properties from silicon wafer and the large surface
area of rough morphology [104]. Huang et al. proposed a
carbon coated silicon nanowires array films. In their work,
single-crystal p-type silicon wafers were electroless-etched
by a HF based aqueous solution [105]. The carbon coating
was achieved through annealing of carbon aerogel [105]. The
obtained silicon nanowires exhibited an initial capacity of
3344mAh/g and a Coulombic efficiency of 84% at 150mA/g
[105]. A reversible capacity of 1326mAh/g in 40th cycle was
achieved [105]. This improved capacity and stability were
resulting from the uniform and continuous carbon coating,
providing better electronic conductivity and restriction of
volume change [105]. A porous doped silicon nanowire
structure synthesized from electroless etched method was
reported. A boron doped silicon wafer was directly etched to
generate the porous silicon nanowire [106]. After beingmixed
with the carbon black and alginate binder, the obtained struc-
ture was tested electrochemically. The half-cell based on the
desired structure exhibited reversible capacity of 2000, 1600,

and 1100 after 250 cycles at 2 A/g, 4 A/g, and 18A/g, respec-
tively [106]. The outstanding electrochemical stability results
from the novel porous structure of the doped nanowires,
providing a better electronic contact between active material
and conductive additives, a short ionic diffusion pathway, and
enough void space for volume expansion [106].

The size effect of the fractures during the lithiation
for silicon nanowires has been studied [17, 107]. Ma et al.
reported a critical size of ∼70 nm for the fracture of silicon
nanowires based on the BOLS correlation mechanism [66].
The silicon nanowires sized below ∼70 nm could avoid frac-
tures and cracks during lithiation. McDowell et al. proposed
a size effect of ∼50 nm for silicon/silicon dioxide nanowires
[108]. In their work, silicon nanowires covered by native
surface dioxide layer with diameters below ∼50 nm could
suppress the volume expansion during lithiation, which was
studied by ex situ TEM spectroscopy. Ryu et al. proposed
that silicon nanowires with diameters below 300 nm would
not fail during lithiation even though the occurrence of huge
fractures and cracks, confirmed by in situ TEM spectroscopy.

In summary, silicon nanowires can be fabricated by
multiple methods including VLS based method, solution
based method, and etching from silicon wafers.The prepared
silicon nanowires from these methods can provide advanced
and improved electrochemical performance in terms of
Coulombic efficiency and initial capacity compared with
bulk silicon anode. However, the high-cost and complicated
procedures in synthesis including annealing process by CVD
and the utilization of high-cost precursors and metal catalyst
largely limit the possibility for silicon nanowires from further
industrial applications.

4. Synthesis and Application of
Silicon Thin Film

Silicon thin film anode is one of the most successful silicon
structures applied in lithium ion battery study. Its interesting
film structure with high surface area and thin thickness can
provide good electronic contact with conductive additives
and short pathway for ionic diffusion [109–112].The synthesis
approach for thin film structure is already mature and widely
used. Also, the simple structure of thin film can allow
doping or alloying with other elements in synthesis process,
providing potential for further academic and industrial elec-
trochemical application. In this section, differentmethods for
fabricating silicon thin film in lithium ion battery application
and the corresponding characterization results would be
exhibited and discussed (Figure 10).

4.1. Physical Synthesis of Silicon Thin Film. Physical methods
to fabricate silicon thin film consist of physical silicon
vaporization and deposition. Multiple physical vaporiza-
tion techniques were employed and tested. Maranchi et
al. reported a radio frequency (RF) magnetron sputtering
involved approach to produce silicon thin film. In their
work [113], amorphous silicon thin films with two kinds of
thickness of 250 nm and 1𝜇m were deposited on cupper
foil through a RF magnetron sputtering of highly pure
silicon source (99.999%). Later X-ray diffraction (XRD)
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Figure 10: Recent development of 2D silicon thin films. (a) The silicon thin film. (b) The Si/Ge thin film [53, 54]. Copyright 2012, 2013
American Chemical Society.

and scanning electron microscopy (SEM) were adopted for
composition and morphology characterization. The XRD
result of the sample indicated the amorphous nature, which
would contribute to the electrochemical stability resulting
from the homogenous volume change during the cycling
[113]. The following electrochemical results confirmed the
former theory. The silicon thin film with a thickness of 1 𝜇m
showed a reversible capacity of 3000mAh/g for 12 cycles at
C/2.5, while the film with a thickness of 250 nm exhibited a
reversible capacity of 3500mAh/g for 30 cycles at C/2.5 with-
out obvious degradation [113]. The SEM results of the silicon
thin filmwith 250 nm thickness after the electrochemical tests
indicated the stable electrochemical performance resulting
from the excellent adhesion of thin film to the conductive
additives, the cupper foil [113]. Moreover, separate surface
agglomerates with a diameter of ∼200 nm were found and
explained to be the result of the cracked microstructures
after the volume expansion and shrinkage, contributing to the
irreversible capacity [113].

A comparison between amorphous silicon thin film and
crystalline silicon nanoclusters was conducted by Graetz
et al. The amorphous silicon thin film was produced by
physical vapor deposition (PVD) method with a thickness
of 100 nm [114]. The silicon thin film showed better electro-
chemical stability: an initial capacity of 3500mAh/g and a
reversible capacity of 2000mAh/g after 50 cycles while the
crystalline silicon nanoclusters exhibited an initial capacity of
1100mAh/g with a retention of 50% after 50 cycles [114]. The
improved electrochemical stability of both the amorphous
silicon thin film and crystalline silicon nanoclusters were
contributed by the smaller nanoscale dimension compared
with silicon bulk crystals, leaving no possibility for domain
dislocation [114]. Also, the improved electrochemical perfor-
mance of amorphous silicon thin film was contributed by
the larger contact area between the active material and con-
ductive additives [114]. A composite thin film was reported
by Song et al. In their work, crystalline Mg2Si thin film
with a series of thickness from 30 to 380 nm was prepared
through pulsed laser deposition (PLD) technique [115]. They
found that the first cycle irreversible capacity loss increases
with film thickness [115]. Correspondingly, the thinnest film

with a thickness of 30 nm exhibited a reversible capacity
of 2200mAh/g after 100 cycles [115]. The enhanced electro-
chemical stability of the thin film results from their more
amorphous character of thinner film, shorter ionic diffusion
pathway provided by thinner thickness, and restricted grain
volume expansion/shrinkage of two-dimensional structure
[115].

4.2. Chemical Synthesis of Silicon Thin Film. Chemical syn-
thesis approach of silicon thin film includes the vaporization
and chemical change of silicon precursors as well as the
deposition of pure silicon vapor. In 1999, Bourderau et al.
employed chemical vapor deposition (CVD) method with
silicane as precursor under 650∘C to fabricate an amorphous
silicon thin filmwith a thickness of 1.2𝜇m [116].The obtained
thin film anode showed severe capacity degradation after
three cycles, resulting from the crack and loss of active
material during volume change related to the large thickness
of the film [116]. A low-pressure chemical vapor deposition
(LPCVD) involved synthesis was introduced by Jung et al.
In their work, amorphous silicon thin film with a thickness
of 50 nm was fabricated by using disilane through LPCVD
[117]. The obtained structure achieved an initial capacity of
4000mAh/g and an enhanced cyclability over 1500 cycles at
400mAh/g.Moreover, the structurewas also tested as full cell
with LiMn2O4 anode, showing an output voltage of 3.0–3.8 V
and a cyclability of 400 cycles [117].

The size effect of avert fracture for silicon thin films has
been studied [118, 119]. Ma et al. reported the threshold size of
33 nm for silicon thin films, below which the nanostructures
of silicon would avoid fractures during lithiation [66]. A
critical size of 300 nm was proposed by Graetz et al. and
high reversible capacity as well as improved electrochemical
performance was obtained [114].

In general, silicon thin film has great potential for anode
material application because of its unique two-dimensional
film geometry, playing a role as an ideal supporter for
doping or alloying process and a simple system for various
characterization techniques [120, 121]. Furthermore, the large
contact area and adhesion effect between active material and
conductive additives and short pathway for ionic diffusion
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contributed by the unique structure has delivered high
initial capacity and electrochemical stability. The study of
the separate surface agglomerates occurring during lithia-
tion/delithiation can help us better understand the cracking
and decrepitation mechanism of silicon anode material [113,
122, 123].

5. Conclusion and Future Outlook

In this review, the recent progress in synthesizing silicon
nano-/microstructured materials for lithium ion battery
anode study has been introduced and discussed. Silicon
anode material, which is expected to be the next generation
anode material for LIBs, has a high theoretical capacity of
4200mAh/g. However, the huge volume change of silicon
resulting from the formation of lithium-silicon alloy during
cycling has caused severe capacity degradation.Moreover, the
semiconducting nature of silicon limits the conductivity of
the anode material.

In order to solve the volume expansion/shrinkage issue
and enhance the conductivity of the active material, multiple
synthesis approaches have been proposed and discussed to
fabricate silicon with useful geometry for better electro-
chemical performance. Typically, low-dimensional silicon
structures, including nano-/micro-silicon particle (0D), tube
and wire (1D), and thin film (2D), have drawn plenty of
research interests due to their novel structures and small grain
sizes. Small grain sizes of silicon can largely accommodate the
volume change and provide enough void space for expansion.
Novel structures could provide various functionalities includ-
ing promoting electronic contact with conductive additives,
enlarging the surface area of active material, and shortening
ionic diffusion pathway. Moreover, some synthesis routes
mentioned additional conductive carbon coating, doping
with functional element, and composite material formation,
which can largely enhance the electrochemical performance
of the prepared anode material as well.

Nevertheless, structured silicon based anode material is
still hindered for the practical application, considering the
high-cost and complicated synthesis procedures, such as
expensive precursors (SiH4) and catalysts (Au colloids), high-
cost techniques (CVD), and nonscalable steps (HF-etching).
For the purpose of commercializing silicon anode material
with high performance, great efforts are still demanded for
developing low-cost and scalable synthesis methodologies.
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