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Abstract
Taking advantage of an extremely high theoretical capacity of 4200 mAhg™, silicon has been
considered one of the most promising anode materials for lithium ion batteries. Nevertheless,
it also has many challenging issues, such as large volume expansion, poor electrical
conductivity and the formation of unstable solid electrolyte interphase layers. To address
these challenges, much effort has been directed towards developing new strategies, such as
designing novel nanosilicon and hybridizing with other functional materials. This paper is
dedicated to identifying the current state-of-the-art fabrication methods of nanosilicon,
including ball milling, chemical vapor deposition, metal-assisted chemical etching and
magnesiothermic reduction, as well as the design principles and the selection criteria for
fabricating high performance Si nanostructures. The critical factors determining the electrical
conductivity, structural stability and active material content are elucidated as important
criteria for designing Si-based composites. The structural evolution and reaction mechanisms
of nanosilicon electrodes studied by in situ experiments are discussed, offering new insights

into how advanced Si electrodes can be designed. Emerging applications of Si electrodes in
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other rechargeable batteries, such as Li-S, Li-O2 and Na-ion batteries are also summarized.

The challenges encountered for future development of reliable Si electrodes for real-world

applications are proposed.
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1. Introduction

1.1 Anodes for LIBs

Graphite has been the dominant source of anode materials for rechargeable Li-ion batteries
(LIBs) for more than two decades owing to its many useful characteristics, such as low
working potential, excellent cyclic stability, low cost and environmental friendliness.
Nevertheless, the capacities of commercial electrodes are far from sufficient, i.e. graphite
anode with a theoretical capacity of 372 mAh g* and lithium metal oxide cathodes with
capacities less than 250 mAh g, to satisfy today’s demanding and emerging applications.
Sophisticated mobile electronics, electric vehicles (EVs) and large-scale energy storage smart
grids require much higher gravimetric/volumetric energy and power densities, longer life
span and lower costs than the current LIBs can offer [1,2]. Thus, significant research efforts
have been made to identify alternative electrode materials that can satisfy the aforementioned
demanding requirements.

Anode materials for LIBs can be divided into three different groups depending on the
reaction process, namely the insertion, conversion and alloying reactions [3,4], as
summarized in Fig. 1. (i) The first group of electrode materials involves insertion where Li
ions are intercalated into the d-spacing lattices of graphite or TiO. without causing
pronounced volume changes of the hosts. The insertion of Li ions into the spinel LisTisOx,
(LTO) transforms to rock-salt type Li7TisO12 with about zero strain but a low specific
capacity of 175 mAh g?. (ii) The electrode materials in the conversion group undergo a
reversible reduction/oxidation process in the presence of Li ions. Anodes made from the
transition metal oxides, such as Fe3Os, FeO, Co030s and NiO, can exhibit both highly
reversible capacities and high energy densities [5,6]. However, they have disadvantages of
low initial Coulombic efficiencies, unstable solid electrolyte interphase (SEI) layers, poor

cyclic stability due to the large volume expansion, large potential hysteresis and poor



electronic/ionic conductivities [7]. (iii) The typical electrode materials in the third group (not
the group Il in the periodic table) are metals to which Li ions are electrochemically inserted
to form compound phases upon lithiation. The anode materials in this group, like Si, Sn, Ge,
Al, Mg and Sbh, are known for their extremely high capacities, especially compared to those
in the insertion group. They have moderate operational potentials vs Li/Li*, which can avert
the safety concern arising from the formation of Li dendrites and the energy penalty of
battery cells [8]. The main challenge to the implementation of these anodes is their huge
volume expansion occurring during the lithiation process [9]. The discharge/charge
mechanisms of crystalline Si (c-Si) is schematically illustrated in Fig. 1 as an example for this
group, showing that the c-Si undergoes large volume expansion and destroys the crystal
structure during lithiation and transfers to amorphous Si (a-Si) upon delithiation, to be
discussed later. Table 1 presents the comparison of electrochemical properties of different
active materials in the three groups based on their reaction processes. The comparison
unequivocally reveals that Si boasts the highest theoretical specific capacity of 4200 mAh g
among all candidate materials, stimulating widespread research for real world applications.
1.2 Basic principles of Si and Si anodes

Si. The history of element Si can be traced back to 1823 when pure a-Si was prepared by
purifying K2SiFe in the warm potassium through exhaust filtering. In 1854, c-Si was first
prepared by electrolysis of impure sodium-aluminum chloride with about 10 % Si. Later,
large-scale production of c-Si was realized for commercial application by reducing silica with
carbon at ~3000 °C [10]. c-Si possesses a diamond cubic close-packed structure (in Fd3m
space group), which is similar to two identical face-centered cubic structure shifted along the
bulk diagonal by 1/4 of its length. The lattice constant of a unit cell is 5.4307 A and the Si-Si
bond length is 2.3517 A, as shown in Fig. 2a [10]. Fig. 2b presents the c-Si lattice along the

<100>, <110> and <111> crystallographic directions, which are the origin of anisotropic



chemicophysical properties of Si materials [11]. Si is an intrinsic semiconductor with a band
gap of 1.12 eV and an electrical conductivity of ~10° S cm™ at room temperature. The
conductivity of Si is sensitive to its chemical structure and can be effectively adjusted by
introducing heteroatoms, in the so-called “doping” process. A Si atom has four valence
electrons to form valence bonds with nearby Si atoms. When a Si atom is replaced with a
phosphorus atom (in Colum V of periodic table), the doped Si is designated as N-type with
extra negative electrons (Fig. 2c) and the other kind is P-type with extra positive holes (Fig.
2d) if Si is doped with elements like boron in Colum Ill [12]. The conductivities and band
gaps of doped Si can be tuned by changing the type and concentration of heteroatoms. The
doped Si was used to fabricate porous Si by chemical etching and the correlation between
lithiation kinetics and conductivity of Si nanowires (NWs) was studied by adjusting the
dopant concentrations, to be discussed later. With these intriguing chemicophysical properties,
Si has been extensively studied and widely applied in many fields, like transistors, integrated
circuits, diodes, solar cells and energy storage systems [10]. In this review, we mainly focus
on the application of Si in rechargeable batteries.

Si anodes. By heat treatment, the mixture of Li and Si can form a range of crystalline
intermediates: namely, LiSi, Li12Siz, Li1sSis and Li22Sis. They are shown in the phase
diagram of Li-Si in Fig. 3a, which is the foundation of Si anodes [13,14]. These crystalline
intermediates were formed step by step upon lithiation of Si at 450 °C (Fig. 3b) [15]. The
crystalline Li2Sis (c-Li22Sis) was supposed to be the final product whose theoretical specific
capacity was calculated to be ~4200 mAh g. Table 2 shows that upon lithiation, Si suffers
continuous volume expansion at different stages to reach a very high value of ~300 % [16].
The huge volume expansion would cause many deficiencies in the Si electrodes, to be
discussed later. When the c-Si electrodes are electrochemically reacted with Li at room

temperature, it undergoes a smooth crystalline-amorphous phase transition (Fig. 3b), different



from the formation of crystalline intermediates through a step-by-step process at a high
temperature. To understand above interesting difference, the Gibbs free energy changes
required to form the crystalline and amorphous (Li, Si) compounds were calculated by the
density functional theory (DFT) [17]. It is revealed that the formation of amorphous LixSi
was preferred by electrochemically-driven solid-state amorphization, while the formation of
equilibrium crystalline phases was kinetically inhibited at room temperature [18]. The final
lithiation product obtained at room temperature was LiisSis with a specific capacity of 3579
mAh g, not Li2,Sis, as confirmed by many reports [18-21].

The electrochemically-driven solid-state amorphization and the phase evolution of Si
electrodes during lithiation/delithiation processes have been investigated by in-situ and ex-
situ X-ray diffraction (XRD) techniques [19,21]. It is noted that during the first lithiation, the
c-Si converted gradually into the amorphous LixSi although it coexisted as discharge potential
reducing. When the potential was maintained at ~60 mV, the amorphous LiisSis (a-Li15Sia)
was formed, which was then transformed to the crystalline LiisSis (c-LiisSis) immediately
after the potential was lower than 60 mV. Upon delithiation, the c-Li1sSis transformed into an
a-Si, not the original c-Si. In the following cycles, only reversible transition occurred between
a-Si and LisSis (Figs. 1c and 3c) [19]. From the fundamental activation energy viewpoint,
the solid-state amorphization process of the original c-Si was driven by the large activation
energy required to destroy the Si-Si bonds, which was described as an ‘edge peeling-off
mechanism’, according to an atomic scale in-situ transmission electron microscope (TEM)
examination [22]. In addition, the a-LiisSis to c-LiisSis transition below 60 mV was a
spontaneous, congruent process without a long-range atomic diffusion or phase separation,
unlike the classical nucleation and growth mechanisms [17].

On an atomic scale, the lithiation process of c-Si can be seen as the breakage of Si-Si

networks by Li. The whole lithiation process can be divided into three stages (Fig. 3d) [11]:
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namely, (i) accumulation of Li, (ii) breaking of Si-Si bonds and (iii) dissolving of Si
segments. It is reported that Li preferentially diffused along the [111] direction to accumulate
at the tetrahedral sites which are the most stable positions for Li insertion [23]. When the
relative concentration of Li: Si reached around 0.5, the Si-Si bonds became weakened and
eventually eroded by Li [24]. In an ab initio molecular dynamics study, the c-Si was depicted
as containing 6-node rings and the breaking of Si-Si bonds in the 6 node rings created
ephemeral structures or Si segments, such as stars and boomerangs. They were gradually
dissociated into smaller segments, like Si-Si dumbbells and isolated Si atoms, in the
amorphous LixSi phase [25]. These disconnected Si atoms were embedded in a dense,
amorphous structure of Li atoms in a-LiisSis. Because the local order of Si in a-LiisSis
resembled the environment for Si atoms in c-LiisSis, the transition between amorphous to
crystalline LiisSis became kinetically easy [25,26], in agreement with the above statement.
The lithiation mechanism of Si involves destroying the crystalline structure of Si host and the
insertion of 3.75 Li ions per Si atom, which is different from the intercalation of only one Li
ion into one carbon ring (Ce) with 6 carbon atoms for graphite. Such a fundamental difference
provides evidence for the extremely high specific capacity and huge volume expansion of Si
anodes over the commercial graphite anodes.

To measure the electrochemical properties of Si anodes, a typical LIB cell is usually
assembled in an Ar-filled glove box using Li foil or lithium metal oxide as the counter
cathode, polyethylene as the separator and 1M LiPFe dissolved in ethyl carbonate: dimethyl
carbonate (EC: DMC 1/1= v/v) solvent as the electrolyte. During discharge, Li ions are
released from the cathode and transported through the separator to react with the Si anode.
When the potential is below 1.0 V vs Li/Li*, the organic electrolyte can easily decompose to
form a passive layer on the electrode surface, the so-called SEI layer [27]. The SEI layer

consists mainly of LioCOs, LiF, Li>O and various lithium alkly carbonates, as analyzed by

11



high resolution TEM (HRTEM), Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) techniques [28-30]. The passive layer is electronically
insulating and ionically conductive, preventing the occurrence of further side reactions of
liquid electrolyte. Therefore, it is important to maintain stable SEI layers during cycles to
ensure high Coulombic efficiencies and long cycle life of electrodes. The specific capacity,
life span, gravimetric/volumetric energy density and Coulombic efficiency are among the
most important parameters that evaluate the performance of a battery comprising Si-based
anodes [31].

1.3 Opportunities and challenges of Si anodes

Si anode has long been identified as one of the most promising candidates for next-generation
LIBs due to their many attractive features [32—34], as follows. (i) Si is the 2" most abundant
element (~28 wt.%) after oxygen in the earth crust and is environmentally friendly. (ii) The
large-scale production of Si is not an issue in view of the matured semiconductor industries.
(iii) Si presents the highest ever known theoretical specific capacity of 3579 mAh g and a
volumetric capacity of 8322 mAh cm™ at room temperature, which are ten times higher than
those of commercial graphite anodes, 372 mAh g and 818 mAh cm3, respectively. (iv) The
operation potential of Si anodes is ~370 mV vs Li/Li*, leading to a high energy density and
safe operation of the batteries.

Despite these exciting advantages, however, the large-scale implementation of Si anodes has
been significantly retarded by their poor cyclic stability and low rate capacities. The
fundamental challenges of Si-based anodes are summarized in Fig. 4 in terms of three major
failure mechanisms [14,30,31]. (i) The huge volume expansion of ~300 % of Si upon full
lithiation can cause cracking and eventual pulverization after repeated charge/discharge
cycles (Fig. 4a). During delithiation, the volume contraction results in electrical isolation of

active particles from the conductive network (Fig. 4b) and separation of the electrode from
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the current collector, causing drastic capacity degradation and failure of the electrodes. (ii)
The electrical conductivity and ion diffusion coefficient of Si particles are ~102 S cm™ and
1012 cm? st, respectively [35]. The sluggish charge transfer kinetics arising from the poor
electronic conduction and ion diffusion prevent full utilization of the active material Si,
especially at high current densities. (iii) The SEI layer would continuously accumulate on the
surface of Si electrode after many cycles. In particular, the large volume
expansion/contraction of Si causes fracture and re-formation of SEI layers on the Si surface
(Fig. 4c), leading to the consumption of electrolyte, long Li diffusion path, degraded
electronic conduction of active materials, poor Coulombic efficiencies and eventual battery
failure.

Tremendous efforts have been made in the past two decades to mitigate the aforementioned
major challenges aiming for the commercialization of Si electrodes. As a consequence,
significant scientific advances and technological breakthroughs in terms of both fundamental
understanding and nanostructural fabrication have been reported. This is partly proven by the
exponential growth in the number of publications and citations directly relevant to Si anodes:
for example, the publication/citation number has increased from 50/217 in 1996 to 777/26381
in 2016, respectively, according to Web of Science. This paper is aimed to summarize and
critically review the recent state-of-the-art advances of silicon-based anodes, especially those
on the nanoscale, for high-capacity rechargeable batteries. Particular emphasis has been
placed to highlight and thoroughly discuss the representative approaches employed to
synthesize nanosilicon, such as ball milling (BM), chemical vapor deposition (CVD), metal-
assisted chemical etching (MACE) and magnesiothermic reduction (MR). Although there are
many papers dedicated to reviewing the Si-based anode materials [37-47], very few of them
specifically explained the synthesis processes and their influences on electrochemical

performance of the Si anodes. The implications and effects of modifications made by
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assembling nanosilicon with other functional materials, such as carbonaceous materials,
conducting polymers and metal (oxides), on electrochemical performance are also discussed.
A discernible progress has been achieved to enrich fundamental understanding of the reaction
mechanisms and Kinetics taking place during the charge/discharge cycles using in-situ
techniques, such as in-situ TEM [48,49]. The recent progress has not been duly reviewed
[50,51], which will be one of important subjects of this paper. Finally, the potential
applications of nanosilicon electrodes in other rechargeable batteries with high energy
densities, like lithium sulfur, lithium oxygen and sodium ion batteries (LSBs, LOBs and
SIBs), are outlined along with the discussion on other issues we are facing for large-scale and

practical applications of Si electrodes.

2. Methodologies to improve the electrochemical performance of Si anodes

2.1 Advantages of nanostructured electrode materials

The electrochemical performance of electrode materials depends not only on their intrinsic
electrochemical properties, such as Li storage mechanisms and theoretical capacity, but also
on their materials characteristics, such as particle size and electrical conductivity. It has been
proven that downsizing active materials has significant positive influences on improving
electrochemical properties of the electrodes by ameliorating (i) the Li ion diffusion kinetics,
(ii) the fracture tolerance of electrodes and (iii) the stability of SEI layer [52]. The Li ion
diffusion in electrode materials can be described as [53]:

T = L2,/ Dion 1)

where t is the diffusion time of Li ion in the host material, Lion is Li ion diffusion length and
Dion Is the Li ion diffusion coefficient. Dion depends on the nature of the material while Lion is
determined by the size of electrode materials. Thereby, nanostructured materials can greatly
reduce both the diffusion length and time for Li ion to react with the active materials,
rendering high utilization of active materials at high current densities. In addition,

nanomaterials also allow a large surface area in contact with the electrolyte, facilitating fast
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charge transfer for a high rate capacity. During lithiation/delithiation, electrode materials in
the alloy and conversion groups often suffer large volume changes, potentially causing
cracking, fracture and pulverization of active particles. Whether an electrode material suffers
fracture due to lithiation-induced stresses is closely related to the feature size of the electrode
material [54]. During lithiation, the reduction in elastic energy associated with the crack

advancing a unit area defines the energy release rate, G, which is given by [55]:

_Zo’h
T E

G @)

where h is the feature size, E is the Young’s modulus, o is the representative stress and Z is a
dimensional number of order unity. If G is below the fracture energy, I', of a material,

preexisting cracks will not advance and fracture will not occur. By taking I" into Eq. 2, we

can obtain a critical particle size, hc:
_TE

he=>— ®3)
when the particle size of an electrode material is smaller than he, no fracture will happen,
offering a fundamental evidence towards the high fracture resistance of nanostructured
electrode materials. The critical sizes of c-Si and a-Si particle were determined to be 150 and
870 nm, respectively. Along with the volume expansion of active particles, the SEI layer
formed on their surface may break and reform during cycles, leading to the consumption of
electrolyte and thus extension of Li ion diffusion distance. Nanomaterials can offer a near
static surface for more stable SEI formation than in large-size active materials. For example,
Si particles encapsulated in hollow carbon spheres [56] or FesOs nanocrystals embedded in
mechanically robust carbon nanofibers (CNFs) [57] presented ultrastable SEI films and
excellent cyclic stability.

In this way, nanoscale Si particles are expected to possess several distinct advantages over
bulk counterparts arising from a few ameliorating characteristics. (i) Nanosilicon has a high
fracture resistance to prevent materials from pulverization during cycles; (ii) nanosilicon

possesses improved ion diffusion kinetics for high rate capability by providing large contact

areas for electrolyte/electrode interface and short ion diffusion distance; and (iii) the
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mechanical strains for SEI layers on the surface of nanosilicon can be effectively alleviated,
ensuring high Coulombic efficiencies and excellent reversibility. A number of different Si
nanostructures with excellent electrochemical properties have been prepared using various
approaches. In the following, discussion is made of two sequential strategies devised to
enhance the Li storage performance of Si-based anodes, namely the fabrication of
nanostructured Si materials and the hybridization of nanosilicon with other functional
materials.

2.2 Fabrication of nanostructured Si materials: methods to prepare nanosilicon

In order to exploit the advantages of nanostructured Si and realize widespread application of
high performance Si anodes, many different forms of Si nanostructures have been prepared
using various methods. Here, we will discuss the most representative approaches, including
ball milling, chemical vapor deposition, metal-assisted chemical etching and
magnesiothermic reduction. The principles of these four major methods and the
electrochemical performance of the corresponding Si nanostructures made therefrom are
summarized in Tables 3 and 4, respectively.

2.2.1 Ball milling

Ball milling is a simple method to prepare Si nanoparticles (NPs) from bulk Si by taking
advantage of the mechanical force of rolling balls, as schematically illustrated in Table 3
[58,59]. The low-cost operation and the capability for large-scale production are the two main
advantages of ball milling. For example, Si powders can be milled from low grade,
microscale Si of 1-5 um in diameter at a rate of ~100 kg per day [60]. The commercially
available metallurgical Si (M-Si, with ~99 wt.% Si, priced at $1 kg) and ferrosilicon (F-Si,
~83 wt.% Si and ~13 wt.% Fe, priced at $0.6 kg?) are normally used as feedstock [61].
Therefore, the total cost of Si NPs ball-milled from the raw Si sources is less than $2 kg*

[60], which is much cheaper than Si produced by CVD, as discussed below. As for the
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electrochemical performance, the milled Si has useful microstructures and chemical
compositions. It is reported that the abundant dislocations and grain boundaries generated
during ball milling provided more ion diffusion channels and smoother phase transition than
bulk Si particles, promoting structural stability and high rate capacities [60]. Unlike the Si
NPs made from M-Si, the impurities of FeSi> in F-Si NPs served as the buffer to effectively
accommodate the volume expansion of Si during lithiation, leading to a higher capacity of
1354 mAh g for F-Si than 980 mAh g* for M-Si after 50 cycles at 0.4 A g*. The similarity
in cyclic voltammetry (CV) curves between the M-Si and F-Si electrodes signifies that the
FeSi» particles did not react with Li ions, thus maintaining their structural and chemical
stability during charge/discharge cycles [61]. A major disadvantage of ball milling is that the
resultant product has agglomerated, large rigid Si particles, which are deleterious to the
stability of long-term cycles [62]. Creating pores by chemical etching and/or encapsulating
milled Si particles with functional materials can be useful strategies to address the
shortcoming.

2.2.2 Chemical vapor deposition

CVD is a popular bottom-up method to prepare various Si nanostructures [35]. The growth
mechanism of Si NWs by CVD was explained by the vapor-liquid-solid (VLS) mechanism
[35,39,47]. Briefly, the VLS mechanism involves three stages: (i) the formation of metal-Si
liquid droplets on catalyst, (ii) the dissolution and diffusion of gaseous Si into the droplets
and (iii) the growth of Si crystals (Table 3) [38]. Gaseous precursors, such as silane (SiHa),
disilane (Si2He) and chlorosilane (SiH>Cl, and SiCls), are usually used as the Si source, and a
wide range of metals, including Au, Cu, Pt and Ni, serve as the metal catalyst [35]. It is noted
that a-Si layers were also deposited on the surface of non-metal substrates, like graphite [63]
and silica particles [64]. The reaction temperatures used in CVD were varied between 300

and 1000 °C, depending on the gaseous precursors, metal catalysts or substrates [65]. One of
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the most useful merits of CVD is the ability to control the Si structure and properties,
including morphology, porosity, density and crystallinity, which are critical to effectively
suppressing the volume expansion of Si and extending the cycle life of Si electrodes. The
electrochemical performance of Si nanostructures with different dimensions prepared by
CVD is summarized in Table 4 and discussed below.

Si NPs. Si NPs are one of the most promising candidates for LIBs due to their high capacities,
moderate fracture resistance and good compatibility with the current electrode manufacturing
processes. However, direct utilization of commercial Si particles faces many challenges such
as poor electrical conductivities of individual Si NPs and the growth of SEI layers resulting
from volume expansion/contraction of solid Si particles. To circumvent the poor electrical
conductivity, Si NPs were deposited on conductive substrates, like carbon black granules [63]
and graphene (G) sheets [66], using SiH4 as the gaseous precursor. In particular, ultrafine a-Si
NPs of 5-10 nm in diameter were uniformly deposited on both sides of graphene sheets (Fig.
5a). Owing to the enhanced electrical conductivity and chemical, mechanical stability of
graphene sheets, the a-Si/G composite electrodes exhibited an average capacity of 1103 mAh
g! over 1000 cycles (Fig. 5b) and a high capacity of 1148 mAh g at an ultra-high current
density of 28 A g* (Fig. 5¢) [67]. To address the issue of unstable SEI layers, hollow or
porous Si spheres [64,68] have been prepared by CVD to provide empty space for free
expansion of Si, which in turn diminished the detrimental effect of volume changes of Si core
on SEI surface. It should be noted, however, that the fine or hollow Si particle electrodes also
created new challenging issues that need to be taken into account in future research. The large
surface area of the fine a-Si/G electrode exposed to electrolyte may induce a low initial
Coulombic efficiency (ICE), while the hollow Si with a large empty space of 67 % porosity,
may result in a low tap density with a low volumetric capacity [64].

Si NWs/nanotubes (NTs). Different from the spherical, zero dimensional (OD) Si particles,
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one dimensional (1D) Si NWs possess characteristic advantages, as follows. (i) The small
diameter NWs can accommodate large volume changes without cracking; (ii) the charge
transport is enhanced by the large aspect ratio of Si NWs; (iii) Si NWs grown on conductive
substrates can be directly used as electrodes without adding conductive additives or binders,
potentially helpful for reducing the manufacturing cost. The first attempt to employ Si NWs
as electrode can be traced back to 2008 when Si NWSs were grown on a stainless steel
substrate using Au particles as the catalyst and SiH4 gas as the Si precursor (Fig. 5d) [69].
The freestanding Si NW electrodes delivered an ultra-high initial capacity of 3124 mAh g7,
but a fast capacity degradation was observed within 10 cycles due to the unstable SEI layers.
To improve the structural stability and rate capability, core/shell structures were developed to
form CNF core/a-Si shell (CNF/a-Si) (Fig. 5e) [70] and c-Si core/a-Si shell (c-Si/a-Si)
composites (Fig. 5f) [71]. These core/shell structures were produced by CVD of SiHg,
combining the advantages of good electrical, mechanical properties of c-Si or CNF core and
the high capacity of a-Si shell. The capacities of the CNF/a-Si and a-Si/c-Si NWs were 1600
and 1000 mAh g after 55 and 100 cycles (Table 4), respectively. These values, however, are
far from sufficient to satisfy the requirements for practical applications because the issue of
unstable SEI layers was only partially resolved. Another type of 1D nanosilicon prepared by
CVD is Si NTs, which is probably more effective in improving the electrochemical
performance than the solid Si NWs by providing two sides for ion/electron diffusion and
large interior empty space to allow inward expansion of Si [72,73]. One outstanding example
of Si NTs is the double-walled Si-SiOx NTs (DWSINTSs) synthesized by depositing Si on a
CNF template followed by simultaneous burning of the CNF template and the formation of a
SiOx layer on the Si surface [36]. During lithiation, the inner Si wall enclosed by the rigid
SiOx shell expanded only inwards to the hollow space so that the SEI layer remained intact

and stable on the surface of DWSINTs (Fig. 5g). Compared with the solid Si NWs and
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hollow Si NTs, the DWSINTSs were able to control the growth of SEI layers as confirmed by
ex-situ scanning electron microscopy (SEM). As a result, the DWSINT electrodes survived
over 6000 cycles at 24 A g with a remarkable capacity retention of 85 %, which is
considered among the longest cycle life ever reported (Fig. 5h). Other types of Si NTs have
also been prepared using templates made from ZnO [74] and MgO NWs [75] to reduce the
cost and prolong the cycle life of Si NT electrodes. Similar to the case of Si hollow spheres,
major concerns of Si NTs include the low tap densities, e.g. 0.02-0.1 mg cm for DWSINT
electrodes [36], and low volumetric energy densities caused by the large empty space. This
means that future development should strike a balance between the ultra-long cycle life and
the practical volumetric energy densities.

Si thin film. When Si is deposited on a flat substrate like glass, a two dimensional (2D) Si
thin film is formed. Besides the advantage of a low dimension permitting fast ion diffusion
and accommodating the mechanical strains generated during charge/discharge cycles [76,77],
the Si film with well-defined geometries and chemical compositions is one of the best choices
for fundamental research. Topics like the reaction kinetics [78], mechanical properties of
lithiated Si [79] and the structure and composition of SEI layers [80] have been extensively
investigated by monitoring the chemical and morphological changes of Si thin film electrodes.
For example, Si films of 100 nm in thickness obtained by plasma enhanced CVD were used
to study the Li ion diffusion coefficient during cycles by time-of-flight secondary ion mass
spectrometry [78]. It is noted that the diffusion coefficient was ~5.9 x 10"%® cm? s, which
decreased with increasing SEI layer and SiO> thickness. The Si volume expansion was also
calculated from the difference between the initial and final Si volumes at different points of
lithiation/delithiation while the thickness of SEI layer was indirectly inferred from sputtering
times of Si and SEI regions. The contributions of Si and SEI layer to the total volume

expansion were 1/3 and 2/3, respectively, revealing the significance of SEI volume swelling.
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The interesting information signifies the importance of proper design of stable SEI layers on
Si electrodes.

2.2.3 Metal assisted chemical etching

Unlike the bottom-up CVD technique, metal assisted chemical etching (MACE) is an
appealing top-down method for preparing various Si nanostructures. The history of MACE of
Si is traced back to the early 1990s when the effect of ultrafine metal particles on the
electrical conductivity of Si wafer was studied, proposing the new concept of chemical
etching [38]. This technique was further developed to produce wafer-scale aligned Si NWs by
localized catalytic etching of Si wafer using oxidized acid solution of HF-AgNO3 [81-83]. In
the MACE process, the reaction can be divided into two steps: namely, (i) deposition of Ag
particles on Si surface and (ii) metal-assisted etching in etchant solution containing HF and

H>0> (Table 3). The chemical reaction can be described as [83]:

Anode (Si close contact with Ag): Si + 6HF — H,SiFe + 4H™ + 4e 4)
Cathode (Ag facing etchant): H20; + 2H" + 2e” — 2H,0 (5)
Overall: Si + 2H20; +6 HF — H,SiFs + 4H20 (6)

The MACE method has been employed mainly to prepare porous Si nanostructures with
different morphologies, including porous Si particles, NWs and 3D structures.

Porous Si particles. To accommodate the volume expansion of Si without adding extra
fabrication costs, commercial or ball milled Si NPs were treated by MACE to introduce
abundant pores in a scalable manner [84,85]. Figs. 6a-b present how the porous Si NPs were
prepared by B-doping and MACE in sequence [85]. The porosity of Si NPs was fine-tuned by
adjusting the dopant concentration: the higher the degree of doping, the rougher the surface
and the higher the porosity after etching, which is a reliable guideline for synthesizing porous
Si particles with a desired structure. The Si electrodes with an optimal porosity delivered very

stable capacities of 1400 and 1000 mAh g* after 200 cycles at 1 and 2 A g with capacity
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retention of 87 % and 81%, respectively. The remarkable electrochemical performance is
attributed to the synergetic effects of abundant pores that accommodated the large volume
changes during cycles and the large surface area that improved the infiltration of electrolyte
with enhanced ion diffusion kinetics.

Porous Si NWs. Si NWs prepared by CVD delivered impressive electrochemical
performance with high capacity retention after long cycles [36]. However, these positive
results do not come without any negative challenges. Most notable among the problems with
the CVD process are their expensive precursor materials, delicate equipment, low yields and
low active material loading, making it unattractive in large-scale applications. Porous Si NWs
with controlled diameters, lengths, orientations and porosities can be mass-produced by
MACE using doped Si wafers, low-grade Si or bulk M-Si [83,86]. At the early stage,
commercial doped Si wafers of 50.8 mm (or 2 inches) in diameter and 0.5 mm in thickness
were directly used as feedstock to prepare Si NW electrodes using a wet chemical method
(Table 3). The mechanisms behind the formation of pores on Si NWs is schematically
illustrated in Fig. 6¢. Part of Ag ions diffuses upwards during etching and re-nucleates on the
sidewalls of etched Si NWs while the new Ag nanoclusters act as new etching sites to form
pores on the NW sidewalls. It is established that the porosity of Si NWs had a positive
relationship with the dopant concentration in Si source: the higher the dopant concentration,
the higher the porosity of Si NWs [86]. The concentrations of AgNOs and H2O> solutions also
influenced the morphology of porous Si NWs [87]. Low grade M-Si was used as feedstock to
prepare low-cost Si NWs with mesopores of 20-30 nm in size, a high specific surface area of
219.4 m? g and a large pore volume of 0.97 cm? g [88]. The electrodes prepared from the
porous Si NWs maintained a high capacity of 2111 mAh g after 50 cycles at 0.2 C. To
further enhance the reversibility of porous Si NWs electrodes, SiOx surface coating was

applied [89] and graphene sheets were encapsulated [85] so that the SEI layers were
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stabilized and the expansion of Si was confined. It is also revealed that the thickness of SiOx
layer on the surface of Si NWs should be less than 3 nm, otherwise the conductivity and
capacity of Si NWs would be significantly compromised [89].

3D porous Si. It is noted above that the porous or hollow Si nanostructures with a large
surface area may impose critical weaknesses with a low tap density and a low volumetric
capacity. These discouraging properties may limit practical applications of the LIBs made
from such electrodes, especially for EVs requiring high energy densities. To tackle this
problem, 3D porous Si microstructures with large particle sizes and high tap densities have
been prepared by MACE using bulk Si particles. For example, a multi-dimensional Si
composed of porous NWs of 5-8 um in length and with a pore size of ~10 nm has been
synthesized using commercially available Si powders with a high yield of 40-50 % [90]. The
3D porous microstructure presented a high tap density of ~4.5 mg cm and an exceptionally
high volumetric capacity of ~3600 mAh cm=, which is about six times of 620 mAh c¢cm™ for
commercial graphite. The tap density was at least an order of magnitude higher than those of
other Si nanostructures mentioned above, e.g., 0.02-0.1 mg cm™ for DWSINTSs [36], 0.25-0.3
mg cm for a-Si/G [66] and ~0.2 mg cm™ for porous Si particles [84]. Nevertheless, the bulk
3D porous Si structure also had major weaknesses, such as unstable SEI layers and the
degradation of materials characteristics arising from the accumulated volume expansion of Si
building blocks. To restrict the volume expansion, SiO layers were coated on their surface
and the best capacity retention was demonstrated for the electrodes with a 7 nm-thick SiO>
layer [89]. Another strategy is to prepare 3D Si structures containing macropores of tens to
hundreds nanometer in size [91,92], which can provide sufficient empty spaces for free
expansion of Si during lithiation without damaging the structure.

2.2.4 Magnesiothermic reduction

Magnesiothermic reduction was firstly proposed to convert silica frustules to microporous Si
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replicas as gas sensors based on the following reaction at 650 "C [93]:

SiO; (s) + 2Mg (g) — Si (s) + 2MgO (s) (M
The conversion mechanisms were investigated later by ex-situ XRD and TEM techniques and
were depicted as [94]:

SiOz2 (s) + 4Mg (g) — MgSi (s) + 2MgO (s) (8)
Si02 (s) + MgzSi (s) — 2Si (s) + 2MgO () 9)
Compared with the above BM, CVD and MACE methods, the MR approach possesses
several unique advantages [65]: namely, (i) the original structure of silica can be preserved
after the reduction process due to the moderate conversion temperature; (ii) after etching the
MgO byproduct, a highly interconnected porous structure is generated; (iii) the process
seldom involves a high temperature, expensive precursors, nor delicate equipment, making it
an ideal low-cost method; and (iv) natural resources, like rice husks, beach sand and bamboo
leaves, can also be converted into energy storage materials by this process, paving a highly
sustainable means for preparing nanosilicon electrodes. MR has been extensively applied to
fabricate multi-dimensional Si nanostructures with excellent electrochemical performance,
and the details are given as follows.

Si particles. At the early stage of development, solid silica particles prepared from tetraethyl
orthosilicate (TEOS) were used as the precursor for MR reaction [95-97]. The Si prepared
from solid silica however were easily sintered into macroscale Si particles during reduction
because of the sluggish Mg vapor diffusion in solid silica and the accumulated exotherm of
the reaction on the silica surface. To mitigate these issues, hollow silica spheres were
prepared as the precursor for hollow Si using polystyrene (PS) [98] or
cetyltrimethylammonium bromide (CTAB) [99] as the sacrificial templates. The hollow Si
obtained from the MR process was more flexible to withstand the structural deformation

arising from the volume expansion of Si than the solid Si particles. In addition, various
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functional coatings, such as Ag [98], polypyrrole (PPy) [99], TiO. [100], N-doped carbon
[101] and graphene [102], were applied to improve the electrical conductivity and SEI
stability of the hollow, porous Si structures. Very recently, a hierarchical porous Si
nanospheres (hp-Si NSs) were prepared using solid/mesoporous silica core/shell spheres by
taking advantage of different transportation rates of Mg vapor in porous silica shell and solid
silica core (Fig. 7a) [103]. In contrast to the outward volume expansion of solid Si particles,
the hp-Si NSs expanded inwardly towards the hollow core during lithiation because of the
much stiffer lithiated outer layer than the unlithiated core (Fig. 7b). The ‘inward breath
mechanism’ effectively prevented the hp-Si NSs electrode from fracture, maintaining the
stability of SEI layers and giving rise to a high capacity of 1800 mAh g* at 0.18 A g after
200 cycles (Fig. 7c). The hollow porous Si spheres, however, had a low packing density and a
low volumetric capacity, which were partly resolved by forming secondary mesoporous Si/C
microspheres that consisted of ultrafine primary Si nanocrystals of ~10 nm in diameter with a
compliant carbon coating on them (Fig. 7d) [104]. The space-efficient packing structure with
abundant internal pores led to a higher tap density of about 0.8 g cm™ than those of other Si/C
nanostructures [98-101]. The high tap density was particularly beneficial to enhancing the
battery capacities, giving rise to a high capacity of ~1100 mAh g* and a volumetric capacity
of 960 mAh cm after 500 cycles (Fig. 7€).

Si nanofiber (NF)/NT. 1D Si NFs/NTs can be prepared using silica fibers because their
original morphologies are preserved during the MR reduction. The 1D Si consisted of
interconnected fine Si primary nanocrystals surrounded by numerous pores after etching the
MgO byproducts [105-107]. The facile and scalable electrospinning method is an ideal
means to synthesize the 1D silica precursor. For instance, silica NF papers have been
produced by an in-situ acid-catalyzed polymerization of TEQOS, as schematically shown in

Fig. 7f [108]. The silica NF paper was reduced by MR to a freestanding, flexible Si NF film
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containing a myriad of Si NPs of 8-25 nm in size. After coating with a thin layer of carbon to
enhance the electrical conductivity, the electrodes made from the Si NF films delivered an
excellent capacity of 802 mAh g after 659 cycles at 0.4 A g thanks to the high porosity
arising from selective etching of MgO and the protection of Si NFs with carbon coating. Si
NTs with an internal hollow space were also prepared by a surface sol-gel reaction between
the electrospun polyacrylonitrile (PAN) fibers and TEOS followed by calcination in air [109].
After the reaction, the silica NTs were converted to Si NTs with a rough surface and a hollow
tube structure, where the large surface area and pore volume allowed easy access by the
electrolyte and free volume expansion of Si.

3D Si. Similar to the 3D porous Si derived from the MACE process, 3D porous Si can also be
mass-produced by MR with low cost, novel structures and excellent electrochemical
properties. More importantly, the 3D Si electrodes can be fabricated by MR using very cheap,
sustainable and abundant natural resources, such as beach sand [94,110,111], rice husk [111—
113], bamboo leaves [114] and reed plants [115]. The 3D Si-based anodes derived from
natural materials deliver long cycle life, high capacities and good rate capabilities (Table 4)
by forming stable SEI layers while preventing particle fracture. Several material and
processing parameters are found critical to determining the morphology, scalability and
electrochemical performance of 3D Si produced by the MR method. They include (i) the
porosity of silica precursor, (ii) the temperature ramp rate, (iii) the diffusion rate of Mg vapor,
(iv) the local heat accumulation and (v) the conversion efficiency. First, the silica precursors
with an intrinsic 3D interconnected porous structure, like rice husks and bamboo leaves, were
easily converted to highly porous 3D Si with a high yield and small-size primary particles
[111-114]. In contrast, the Si particles prepared from solid beach sand were usually large in
size and contained low porosities. Second, it is discovered that there existed a critical heating

rate of 5 °C min! for the reduction of rice husks, above which the Si nanocrystals tended to
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become heavily sintered and below which the crystallinity and the particle size were not
affected [111]. Third, to evaluate the influence of diffusion rate of Mg vapor on reduction
kinetics of silica particles, the mixture of beach sand and Mg powder was placed in the
containers under two different pressures, including low-pressure vacuum and an atmospheric
pressure. It is demonstrated that the use of vacuum markedly improved the homogeneous
transport of Mg into the sand powders in which the conversion was completed in 30 min [94].
Fourth, a high temperature was generated during the highly exothermic MR reaction, leading
to sintering and formation of large grains in Si nanocrystals. To mitigate the side effect by
sintering, NaCl powders were employed as the effective heat-scavenger to remove the MR
heat and promote the formation of 3D porous network with ultrafine Si nanocrystals [110].
Last, the conversion efficiency of the most reported MR Si nanostructures obtained at the
atmospheric pressure was lower than 50 % due to the formation of a significant amount of
Mg>Si. A deep reduction and partial oxidation strategy was developed to convert the low-cost
silica into mesoporous Si with an extremely high yield above 90 % [116]. The process of this
strategy is schematically illustrated in Fig. 7g and the relevant chemical formulas are given in
Egs. (10-13). The SiO- particles were fully reduced to Mg.Si/MgO/Mg with excess Mg (Eq.
10), and the as-prepared intermediate product was oxidized in air to form MgO and Si (Egs.

11 and 12). Finally, the mesoporous Si was obtained by etching off the MgO byproduct (Eg.

13).

4Mg + SiO; — 2MgO + Mg:Si (10)
Mg.Si + O2 — 2MgO + Si (11)
2Mg + 02 — 2MgO (12)
MgO + 2HCI — MgCl; + H.0 (13)

The 3D Si structures prepared by MR have many beneficial features, including a high

porosity, fine Si nanocrystals, a high conversion yield, low cost and sustainable resources,
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making the MR derived 3D Si more attractive than those prepared by the MACE method for
large-scale applications.

2.2.5 Other approaches

In addition to the major four fabrication methods discussed above, a few other synthesis
routes have also been developed to prepare nanosilicon for LIBs. They include SiO thermal
disproportion, acid etching of Si-metal alloys, molten salt reduction, Rochow reaction of bulk
Si [117], NaK alloy [118] or organic surfactant reduction [119] of SiCls and thermal
annealing of hydrogen silsesquioxane precursors [120]. The first three techniques have been
more popularly used than the rest and thus are discussed in the following.

Thanks to its high capacity of ~1200 mAh g and unique structural features, SiO is
considered one of the most attractive materials among different Si-based electrodes. The Si
suboxide concept suggests that SiO comprising amorphous Si and SiO2 clusters can be
transformed into Si and SiO> particles by heat treatment, through the so-called “disproportion
reaction’ [121,122]. Micro-sized Si particles composed of nanoscale primary Si crystals were
fabricated by thermal disproportion reaction of microscale SiO particles, which showed both
good cyclic stability and a high volumetric capacity [123]. Among different primary Si
particle sizes of 10, 15, 30 and 80 nm obtained at different reduction temperatures, 15 nm
was found to be the optimal showing the best cyclic stability without compromising the
reversible capacities and volumetric energy densities [124]. Non-filling carbon-coated porous
Si microparticles were also designed by coating SiO particles with resorcinol-formaldehyde
resin before thermal treatment and acid etching of SiO> [125]. It is revealed that the voids
created in the place of SiO, provided sufficient space for expansion of Si particles without
damaging the outer SEI layers and the carbon coating, giving rise to high capacity retention
of 1490 mAh g after 1000 cyclesat 1 A g™,

Etching of Si-metal alloys is another scalable method to synthesize micro-sized Si electrodes
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[126,127]. For example, the Si-Al alloy powders with uniformly dispersed Si and Al atoms
have been used as the raw material to produce porous Si by simple etching of Al using an
acid [128-132]. The pores created thereby played an important role to accommodate the
volume expansion and facilitate fast Li ion transfer during cycles. To enhance the cycle life,
Coulombic efficiencies and volumetric capacities of porous Si anodes, several modifications
have also been introduced to the electrode materials. They include adding few Fe and Al
impurities to enhance the electrical conductivities [130], the introduction of defects such as
dislocations, twin boundaries and stacking faults to allow plastic flow of Si during lithation
[128], and the incorporation of conductive and/or compliant coating layers, like graphene
sheets [132] and Al;O3 [131]. Although porous Si particles prepared from etching Si-metal
alloys are promising anodes for industrial applications, the progress is still in the infant stage
of development, in need of more efforts to control the porosity, so that the conversion yields
are augmented for optimized electrochemical performance.

To mitigate the concerns about the relatively high reaction temperatures of CVD (300-
1000 °C), MR (650 °C) and Si-metal alloying (~760 °C) processes [128], a low temperature
molten salt process has been developed to prepare Si NPs where SiCls [133] or silicon zeolite
[134] is reduced in the molten AICIz salt at below 200 °C. The chemical reactions taking
place with SiCls and SiO- precursors can be expressed as [134]:

2Mg + SiCls + 4AICI3 — 2MgAI.Clg + Si (14)
4Al + 3Si0O2 + 2AICI3 —3Si + 6AIOCI (15)
In both reactions, AICIz not only acts as molten salt but also participates in the reaction by
forming MgAI>Clg and AIOCI byproducts. These byproducts are removed by etching to
create pores in their place. The Si electrodes with nanoscale pores and ultrafine Si NPs
delivered high reversible capacities of 2663 and 870 mAh g* at 0.5 and 3 A g* after 1000

cycles, respectively. One major drawback of this approach is that AICIs is very sensitive to
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water, making the process expensive and difficult to handle in large scale applications.

2.2.6 Summary of fabrication methods and design principles of nanosilicon

Many different techniques have been developed to fabricate nanostructured silicon with
various sizes, morphologies and porosities. While the majority of these methods can
contribute to promoting the real-world implementation of Si anodes by substantially
improving the electrochemical performance, some may offset certain properties of the
electrodes, like high volumetric capacities. Therefore, critical comparison is made of the
electrochemical performance of electrode materials prepared by different fabrication methods.
It is hoped that the comparison can offer clear insight into the essential principles for
designing Si nanostructures, while providing a general guideline and selection criteria of
fabrication methods that can satisfy the requirements for different end applications.
Fabrication methods. Table 3 summarizes the principles, morphologies of the synthesized Si
structures, estimated production costs and advantages/disadvantages of the four main
fabrication methods discussed above. From the viewpoint of large-scale applications in
industry, several essential parameters need to be taken into account in the selection of
fabrication methods, such as the cost and vyield, environmental friendliness and
morphological controllability. For example, the ball milling process is the cheapest at price
less than $2 kg™ with the highest yield of ~4 kg h™. It employs low-grade Si resources,
making it suitable for large-scale applications. In contrast, Si prepared by CVD involves
expensive and flammable SiH4 gas (>$100 kg™), delicate equipment with an extremely low
yield of ~0.75 mg ht. Although the nanosilicon electrodes produced by CVD always present
impressive electrochemical performance, the cost and vyield issues discourage their
applications in real world. The costs and yields of Si prepared by MACE [88,89] and MR
(Table 3) are currently acceptable on a laboratory scale, which should be extended for

industrial production. It is worth noting that the low-cost and abundant natural resources for
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MR make this method more attractive and sustainable for developing practical energy storage
devices than MACE. Environmental friendliness is another critical factor from the long-term
viewpoint. The starting materials for the BM, CVD and MR processes, such as bulk Si
particles, silica and Mg, are non-toxic and environmentally friendly to some extent. In
contrast, the MACE process employs highly toxic and dangerous H.O2, HF and AgNOs
solutions, which significantly offset the advantages of the MACE method in large-scale
production. It is demonstrated in the above sections that the nanosilicon materials with
different dimensionalities, including Si particles/spheres (0D), Si NTs/NWs/NFs (1D), Si thin
films (2D) and 3D porous Si, are all attractive candidates for both practical applications and
fundamental investigation of LIBs. Therefore, the ability to control the morphology of
nanosilicon is an important criterion determining the selection of fabrication methods. The
CVvD, MACE and MR approaches are capable of preparing nanosilicon materials with
different dimensions, whereas the BM process is less attractive as it can produce only solid
particles, as shown in Table 3.

Design principles of nanosilicon. Table 4 summarizes the electrochemical performance of
different Si nanostructures prepared by different approaches. It is obvious that significant
progress has been achieved in terms of reversible specific capacities, Coulombic efficiencies,
cyclic life and capacity retention. Several general conclusions and important suggestions can
be drawn from the results, which can contribute to designing better nanosilicon electrodes in
the future, as follows. (i) The Si electrodes with smaller particle sizes tend to exhibit better
cyclic stability and high-rate capability than those with larger sizes. This is verified by a
number of exemplary results: e.g. high reversible capacities of 1103, 990 and 1024 mAh g
after 1000 cycles for a-Si/graphene [67], mesoporous Si/C microspheres [104] and sand-
based Si particles [110], respectively, all of which were made of ultrafine Si particles. As

discussed in Section 2.1, the smaller Si particles provide a shorter ionic transport distance, a
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larger electrolyte contact area and a higher strain required for mechanical fracture, giving rise
to enhanced high-rate performance and cyclic stability. (ii) The incorporation of pores or
voids enhances the high-rate capacities and cycle life, as evidenced by the hollow Si NSs
[64,103,135], porous Si NPs [84,85], porous Si NWs [87,88] and 3D porous structure
[92,115], all of which contained numerous pores and/or large voids. These pores functioned
as both the buffer to absorb the volume expansion, maintaining the structural integrity, and
the channels to facilitate fast electrolyte permeation. (iii) The stability of the SEI layer at the
interface between the liquid electrolyte and Si electrode is another important factor for long
cyclic life. Long-term stability has been reported for double walled Si-SiOx NT electrodes
after 6000 cycles [36] and for mesoporous Si/SiOx exhibiting an almost negligible capacity
degradation of about 0.035% per cycle for over 1400 cycles [116]. Both of these two
nanostructures had a mechanically rigid SiOx coating that stabilized the SEI layer during the
lithiation/delithiation cycles. (iv) Conductive coatings or substrates in the nanostructured Si
electrodes can promote not only the high rate capacities and structural integrity, but also the
stability of SEI layers. This is supported by the excellent performance of hollow Si spheres
coated with different conducive materials [98-102]. The importance of coatings is further
illustrated in Section 2.3.

2.3 Hybridization of nanosilicon with functional materials

Among the many issues of Si electrodes, volume expansion is known to be the most serious
challenge causing mechanical fracture of Si and total failure of the electrode. Pulverization
has been addressed by designing various nanostructures with different dimensions using
different fabrication methods, as discussed above. However, the problems of unstable SEI
films, low Coulombic efficiencies and poor electrical conductivities cannot be resolved by
optimizing the Si nanostructures alone. Thus, functional materials, like carbon, conducting

polymers and metal (oxides), have been incorporated into nanosilicon to form high
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performance Si-based composite electrodes. The detailed discussion is made as follows.

2.3.1 Silicon/carbon composites

The incorporation of carbon materials with nanosilicon has been widely exploited and
considered an effective approach to improve the electrochemical performance. The flexible,
lightweight, highly conductive and thermally stable carbon materials can not only enhance
the electrical conductivity, but also constrain the volume expansion of Si and fracture of SEI
layers [45,46,136]. The Si/C composites can be classified into several groups based on the
dimensions of carbon, including OD carbon coating, 1D CNFs/CNTs and 2D graphene. The
morphologies, Si contents and electrochemical performance of various Si/C composites are
summarized in Table 5.

Si/carbon coating composites. A carbon coating on Si has many ameliorating effects on
benefitting the energy storage capabilities of electrodes, as follows. (i) The carbon sheath can
improve the ion/electron transport and reaction kinetics of Si NPs; (ii) the soft carbon coating
functions as the buffer to accommodate the volume expansion of Si during lithiation; (iii) the
carbon shell prevents the Si particles from direct contact with the electrolyte, effectively
discouraging the formation of thick SEI layers; and (iv) the carbon coating serves as the
physical barrier to prevent aggregation of active particles during cycles. A uniform carbon
coating on Si surface is normally obtained by thermal decomposition of polymer precursors,
such as poly vinyl alcohol (PVA) [137], dopamine [138], PAN [139] and polyvinylidene
fluoride (PVDF) [140], or by CVD deposition of carbon using gaseous precursors of CHa,
C2Hs and CoH2 [134,135]. For example, carbon-coated Si (Si/C) composites were prepared
by one-pot carbonization of the mixture containing commercial Si particles and PVDF (Fig.
8a) [143]. The Si/C electrodes delivered a high capacity of 2057 mAh g* after 40 cycles,
which is much higher than the negligible capacity of 81 mAh g only after 5 cycles for a bare

Si electrode (Fig. 8b). The improved performance is attributed to the enhanced interfacial
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contact, a conductive network and the compliant carbon coating for stress relaxation.
However, the thin carbon coating was unable to withstand the whole volume expansion to
prevent fracture of Si/C particles, to be discussed in Section 3.1. To mitigate the danger of
mechanical failure, several strategies have been devised, such as Si/C composites with fine Si
crystals below 15 nm in diameter [124], porous Si/C particles [144-146] and a Si/C
yolk/shell structure with an empty space around the Si particles [56,147,148]. An excellent
reversible capacity of ~1110 mAh g after 1000 cycles at 1 C has been reported for the Si/C
yolk/shell electrode [147]. However, the same structure exhibited a low initial Coulombic
efficiency of 60 % and a moderate capacity of ~500 mAh g at a high current density of 4 C,
due probably to the formation of a thick SEI layer stemming from the large contact area with
the electrolyte and poor electronic conduction due to the point-to-point contact between Si
and carbon shell. Thus, it is necessary for the porous Si/C composite electrodes to strike a
balance among different performance criteria such as long cycle life, high irreversible
capacities, moderate high-rate capability and possibly low volumetric capacities.

SiI/CNT composites. 1D CNTs with high electrical conductivities, large surface areas,
excellent mechanical and chemical stability have been widely used as the substrate to support
nanosilicon. The addition of CNTs improved the electronic/ionic conductivities of the
electrode, protected the SEI layers and prevented the Si particles from agglomeration during
cycles [43]. Due to the hollow structure of CNTs, Si NPs can be deposited on both the
external and the internal surfaces of CNTs. For example, nanoscale a-Si/c-Si droplets were
deposited on vertically aligned CNT supports using a two-step CVD process (Fig. 8c) [149].
The CNTs in the composite electrode functioned both as the charge transfer channel and the
flexible mechanical support to accommodate the volume expansion of Si particles, giving rise
to a high cyclic capacity of ~2000 mAh g* after 20 cycles. However, the 20-time cycle life

was insufficient to satisfy the requirements for commercial applications, which was explained
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by the direct exposure of Si to electrolyte and separation of Si particles from the CNT surface
after repetitive expansion/contraction. In an effort to further enhance the cycle life, Si were
deposited on the inner surface of CNTs where they could deform inside the tube with no
danger of pulverization nor inadvertently affecting the SEI layers on the outer surface of
CNTs (Fig. 8d) [150]. The CNT/Si shell/core structure outperformed the earlier CNT/Si
core/shell structure by presenting a high capacity of ~800 mAh g* after 250 cycles
maintaining a remarkable Coulombic efficiency of 99.9 % [149]. The in-situ TEM study
carried out of the CNT/Si shell/core composite electrode revealed that the CNT walls
restricted the volume expansion of Si particles to only ~180 % [151], much lower than the
theoretical value of over 300 %. Further, significant progress has been made to synthesize
freestanding Si/CNT composite electrodes for flexible LIB applications utilizing the excellent
flexibility of CNT matrix. They include twisted, aligned CNT/Si fibers [152], Si/cone-shaped
CNT films [153] and multilayer Si/CNT fibers [154], which can make a promising future in
powering flexible electronic devices [155].

Si/CNF composites. Besides CNTs, CNFs with unique merits of large aspect ratios, short Li
ion diffusion paths and efficient electron transport along the fiber direction are another useful
substrate for nanosilicon [156]. Electrospinning is a facile and versatile method to produce
CNF films or webs by applying a high voltage to the polymer solution to eject into
continuous nanoscale fibers [157]. This technique is considered one of the most promising
approaches to continuously produce freestanding and conductive battery electrodes,
eliminating the use of heavy metal current collectors, conductive additives or binders. Active
materials can be in situ grown and/or incorporated into the PAN or PVA precursors before
electrospinning, and the dimensions and structure of CNFs can be tuned or modified to
optimize the pore size/volume and surface area [158-160]. At the early stage, Si/CNF films

were prepared by electrospinning the mixture of commercial Si NPs and PAN, followed by
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carbonization of the polymer matrix [161-163]. The electrodes made from the Si/CNF
composites presented enhanced electrochemical performance, in terms of both specific
capacity and cyclic life, compared to the neat Si anodes. However, the cycle life was usually
below 100 cycles even at low current densities (Table 5), which can be explained by severe
agglomeration of Si NPs, weak interfacial bond between Si and polymer, and poor
conductivities of amorphous CNFs. To address these issues, several strategies have been
successfully devised, as follows. (i) Si NPs were monodispersed by amino-silane termination
followed by F ion mediation in aqueous solution, satisfying the prerequisite for good
dispersion of Si particles in CNFs [164]. (ii) Conductive additives, such as graphene sheets
[164], CNTs [165] and carbon black [166], and/or sacrificial catalyst particles, like Fe [167]
and Ni [168], were incorporated into the polymer precursor to form graphitic carbon
layers/spheres in the CNF matrix. (iii) Large voids were systematically created between the
Si particles and carbon sheath by partially etching the Si particles to form highly porous
Si/CNF composites [167,169]. Co-axial Si/CNF core/shell architectures were also
synthesized by completely encapsulating the Si particles in the CNF matrix for extended
cycle life (Fig. 8e) [170-172]. The electrochemical performance of various Si/carbon
electrodes given in Table 5 indicates that the porous Si/CNF (872 mAh g after 200 cycles)
and the co-axial core/shell Si/CNF electrodes (750 mAh g* after 300 cycles) outperformed
the solid Si/CNF electrode (644 mAh g after 50 cycles), a testament to the benefits arising
from the ameliorating composite structures.

Si/graphene composites. Graphene, a single layer of carbon atoms arranged in a hexagonal
manner, has been recognized as a promising platform to support diverse nanomaterials
including nanosilicon. In general, the incorporation of graphene sheets can improve the
electronic/ionic conductivities of the electrode, reduce the aggregation and volume expansion

of Si particles, benefiting from its excellent electrical conductivity, good thermal and
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chemical stability, a large theoretical specific surface area and flexibility [173]. In the early
days, Si/G composites were prepared in the form of hybrid papers or films mainly by vacuum
filtration or freeze drying of graphene oxide (GO)/Si suspension [174-176]. Although these
cost-efficient Si/G electrodes exhibited improved electrochemical performance, their poor
structural design brought about a few issues, including heavy agglomeration of Si particles,
poor contact between Si and GO and sluggish ion diffusion through the GO plane, adversely
affecting the electrochemical properties of the composite electrode. These issues have been
resolved by devising several strategies, such as introducing covalent bonds [177-179] or
electrostatic attraction between the surface-modified Si particles and GO sheets [180], and
engineering in-plane vacancies on GO sheets as ion diffusion channels [181], substantially
enhancing the reversibility and high-rate capability of Si/G composites. Nevertheless, the
Si/G hybrid films/papers suffer a new challenge of limited penetration of electrolyte for high
energy/power density applications due to tight stacking of graphene sheets while the areal
mass loading and the electrode thickness are increased. 3D porous graphene structures, like
graphene foam (GF) [182,183], graphene aerogel [184,185] and graphene tree [186], were
employed to form 3D Si/G composites which offered rapid and robust ion transport paths and
electrolyte infiltration channels throughout the whole electrode, giving rise to high
energy/power densities. It may be worthwhile to highlight the recent work on Si NP-
impregnated assemblies of templated carbon-bridged oriented graphene (TCG-Si) structure
prepared by simple filtration and annealing (Fig. 8f) [187]. The TCG-Si bulk assemblies
created a network for rapid ion/electron transport throughout the electrode even at a high
mass loading along with a high tap density of 1.3 g cm™. The anodes made from TCG-Si
presented a remarkable rate capability of 900 mAh g at 8 A g and a high volumetric
capacity of 1807 mAh cm® after 200 cycles (Fig. 8g), paving an attractive and viable way to

design energy storage devices with both high energy and power densities.
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2.3.2 Silicon/conducting polymer composites

Apart from carbonaceous materials, conducting polymers have also been introduced to
accommodate the volume expansion of Si and to form conductive networks for enhanced
reaction Kkinetics of the electrode. Four different conducting polymers have been mainly used
in Si-based composites [188-191], including PPy, polyaniline (PANi), poly(3,4-
ethylenedioxythiophene) (PEDOT) and poly(3,4-ethylenedioxythiophene) doped with poly(4-
styrenesulfonate) (PEDOT:PSS), all of which have useful features, such as simple fabrication,
high electrical conductivities, structural flexibility and wide applications (Table 6). The
representative Si/conducting polymer composite electrodes with their preparation procedures,
Si contents and electrochemical properties are summarized in Table 7.

Uniform dispersion of Si particles within polymer, a strong interface bond between Si and
polymer and a high electrical conductivity of polymer are among the most critical parameters
determining the electrochemical performance of Si/conducting polymer composite electrodes.
First, to obtain good dispersion of Si particles and uniform polymer coating, conducting
polymers are usually in-situ formed using monomers on the surface of Si particles. For
instance, a 3D hierarchically porous PPy/Si/single-walled CNT (SWCNT) composite was
prepared by in-situ polymerization of pyrrole monomer with phytic acid followed by the
formation of hydrogel of Si particle/SWCNT dispersion [192]. The in-situ formed polymeric
layer on Si particles was ~15 nm thick and the energy dispersive spectrometer (EDS)
mapping revealed a uniform coating thickness (Fig. 9a). As a consequence, the PPy/SI/CNT
composite electrode delivered a stable capacity of 1600 mAh g after long-term 1000 cycles
at 3.3 A g, outperforming the PVDF/Si and PPy/Si electrodes (Fig. 9b). Second, a strong
interfacial bond between PANIi and Si NPs was achieved by in-situ polymerization [193].
During the polymerization of aniline monomers, the phosphoric acid groups in phytic acid

bind with the native oxide layer on Si particles (Fig. 9c). In contrast to the fast capacity
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degradation of the electrodes made from a Si/PANi mixture, the in-situ polymerized Si/PANi
electrodes exhibited a stable capacity of 1600 mAh g* for 1000 cycles based on the weight of
Si alone (Fig. 9d). Moreover, the interfacial bond between PANiI and Si particles was further
enhanced by doping with 5-sulfoiophthalic acid containing carboxyl and sulfo acid (-SOzH)
functional groups so that the cyclic stability and energy densities of the Si/PANi electrodes
were much improved [194]. Third, PPy and PANi with moderate electrical conductivities
(Table 6) may not fulfill the capacity demands at high current densities, thus highly
conductive SWCNTs [192] or graphene sheets [195] were incorporated to further improve the
electrical conductivity and thus to promote the electron/ion transport. In addition, water-
soluble PEDOT:PSS has a conjugated backbone that allows efficient de-localized electron
transport, leading to an extremely high electrical conductivity of 10-10° S cm™, making it an
ideal material for electrode applications [196-198]. However, it is still necessary to
understand why most of Si/conducting polymer electrodes deliver poor initial Coulombic
efficiencies of less than 80 % (Table 7). The irreversible reaction taking place between the
liquid electrolyte and conducting polymer may partially be responsible. Nevertheless, the
roles of different conducting polymers on electrochemical performance of Si electrodes
remain poorly understood, which needs further efforts for in-depth investigation.

2.3.3 Silicon/metal (oxides) composites

When the electrical conductivities of carbon materials and conducting polymer coatings are
difficult to satisfy the required fast charge transport at extremely high rates, the integration of
Si with highly conductive metal coatings, like Cu or Ag (with electrical conductivities of 5.96
x 10° and 6.30 x 10° S cm?, respectively), are the only remaining options [43,44]. The metal
coatings not only ameliorate the surface conductivity of Si particles ensuring adequate
utilization of high capacity active materials at high current densities, but also protect the Si

core from pulverization and direct contact with electrolyte, allowing the formation of stable
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SEI layers with a resulting high power density and long cycle life of the Si/metal electrodes
[98,199-201]. However, metal coatings are not free from issues. Their main drawbacks
include the high gravimetric densities, electrochemical inertness and high costs which should
compromise the high energy densities of nanosilicon materials.

Another critical concern about carbon and conducting polymer coating materials is their low
or negligible lithium storage capacities, leading to a significant energy density penalty for the
composite electrodes. In view of this, combining Si with electrochemically active metals or
metal oxides, such as Fe2Oz [202], SnO. [203], Co304 [204], LisTisO12 [205], Sn [206] and
Ge [207], is considered a sensible option to improve the electrochemical performance without
comprising capacities. Ge has a high electrical conductivity (i.e. 104 times higher than Si)
and a substantial Li ion diffusivity (400 times higher than Si), but with a moderate specific
capacity of 1600 mAh g* [208]. It is envisaged that the combination of Si active material and
Ge with excellent reaction kinetics can produce ideal Si/Ge hybrid electrodes possessing both
high energy and power densities. This was realized by constructing a Si/Ge branched NW
heterostructure using a pyrolysis synthetic protocol and a sequential secondary seeding
method (Fig. 10a) [207]. The hybrid electrodes exhibited high capacities of 1612, 1459 and
1256 mAh g after 100 cycles at Ge:Si mass ratios of 2:1, 3:1 and 4:1, respectively (Fig. 10b).
Their rate capacities were also tunable by adjusting the Si to Ge mass ratios that the higher
the Ge content in the electrode, the higher the capacity retention at high rates. This finding is
important for designing electrode materials with either a high capacity or a high rate
capability depending on end applications.

In addition to the large collection of aforementioned coating materials aiming to enhance the
rate capacities and extend the cycle life of Si electrodes, there is another group of coating
layers that are designed to endow the Si electrodes with special features, like enhanced

thermal conductivities [209], fast Li-ion mobility [210] and low electrode expansion [211—
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213]. For example, the large amount of heat generated in Si-based electrodes is a critical
concern threatening the safe operation of LIBs, especially under severe conditions, like an
elevated temperature environment. Si/TiO>x@C core/shell NFs were prepared by dual-nozzle
electrospinning where the Si particles were fully encapsulated by the TiO,x@C fiber shell
(Figs. 10c-d). The heat accumulated in the co-axial fiber electrode in the temperature range
100-400 °C was 4.2 kJ g*, which is much lower than those of Si NPs, Si NP/C and
commercial graphite electrodes (Fig. 10e) [209]. The high thermal stability with significantly
reduced exotherm in the co-axial fiber electrode was due to the TiO2x shell which possibly
retarded the thermal reactions between the lithiated Si and the electrolyte solution. Another
intriguing report is the enhancement of Li ion mobility induced by the local piezoelectric
potential of BaTiOs particles [210]. BaTiOs particles can absorb the mechanical stresses
arising from Si volume expansion and in turn induce piezoelectric potentials (Fig. 10f). The
piezoelectric potentials improved the electrochemical performance of the BaTiOs/Si/CNT
composite electrode during rapid charge/discharge cycles by enhancing the Li ion diffusion
(Fig. 109).

2.3.4 Discussion on Si-based composite electrodes

Tremendous efforts have been made in developing a myriad of different Si-based composites
over the past decades, including Si/carbon, Si/conducting polymers and Si/metal (oxides),
and the key properties and improved electrochemical performance of these electrodes are
summarized in Tables 5, 6 and 8. Although drawing a firm conclusion is difficult in view of
different materials, morphologies and measured parameters, several general implications can
be identified to provide future directions in developing Si-based and other metal oxide
composite electrodes. The following discussions include three major parameters of electrode
materials, namely, electrical conductivity, structural stability and active material loading.

Electrical conductivity. One strong motivation to hybridize Si with functional materials is to
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remedy the intrinsically poor electrical conductivity of Si, thus the host materials should have
high conductivities to enhance the electrochemical performance of the electrodes, especially
at high current densities. Generally speaking, the electrical conductivities of CNTs (10%- 10°
S cm™), graphene (4 x 10% S cm™) [157], PEDOT: PSS (10-10° S cm™) and metal coating
(~10° S cm™) are already high enough to boost the rate capacities of Si electrodes. For
example, the Ag-coated Si electrode delivered a high capacity of 640 mAh g* at 5 C [200],
corresponding to one charge in 12 min. However, the other host materials, like amorphous
carbon coating (10 -10? S cm), amorphous CNFs (107- 102 S cm) [157] and metal oxides,
display relatively low electrical conductivities, which may cause a high internal resistance,
large polarization and low utilization of active materials. In order to obtain high electrical
conductivities of these composites, several strategies have been adopted, including, (i) the use
of catalysts for graphitization of amorphous carbon, like nanocavity-engineered Si/functional
CNFs [167] and Ni/Si/CNF [168] composites; (ii) the incorporation of CNTs or graphene
sheets as conductive additives, like in SWCNT/PPy/Si [192] and BaTiOs/CNT/Si [210]
ternary composites; and (iii) the selection of active metals with higher conductivities, like Sn
[206] and Ge [207]. For the latter two strategies, it is necessary to strike a balance between
the electrical conductivity and the mass ratio of conductive additives to avoid excessive
reduction in capacity.

Structural stability. The structural stability of nanosilicon electrodes has been discussed in
Section 2.2.6, and here we place special attention on the stability of SEI layers and active
materials because it is directly related to the Coulombic efficiency and capacity retention of
the electrodes. A few strategies have been explored to maintain the integrity of electrodes,
including (i) the design of core/shell and/or porous structures; (ii) the use of mechanically
stable/flexible host materials; and (iii) the incorporation of materials that can absorb [210] or

suppress [211] the volume expansion of Si. Table 5 shows that the cycle lives of internal
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Si/CNT [150,151], core/shell Si/CNF [166,170,172] and porous CNF/Si [169] electrodes are
much better than those of solid Si/CNF [161,162] and external Si/CNT [149] electrodes. It
should be noted that the hollow and porous structures are detrimental to initial Coulombic
efficiencies and volumetric capacities of the electrodes, which has to be kept in mind when
designing these structures. The highly stable graphene sheets [180], CNTs [151] and Ag
coating [199] and flexible polymers (Tables 6 and 7) can be used to directly encapsulate Si
particles to constrain the volume expansion of Si and ensure structural integrity of Si-based
composite electrodes. An optimal coating thickness is important as it determines the
electrochemical performance of the electrodes, thus their correlation should be explored in
future studies.

Active material loading. In general, there is a trade-off between the mass ratios of Si particles:
host materials and the conductivity, cyclic stability of Si/C composite electrodes. An
insufficient carbon host may neither provide efficient electron transport paths nor
accommodate the volume expansion of Si particles, whereas too much carbon can
compromise the high specific capacities of Si active material. Table 5 shows that the majority
of Si/C composites with good electrochemical performance presents Si contents below 60
wt.%, which is much lower than ~70 wt.% of Si/conducting polymer composites (Table 7)
and over 90 wt.% of Si/Ag composites [199,200]. Freestanding Si/C electrodes can partly
compensate the low Si loading by eliminating the binders, current collectors and conductive
additives. Techniques to fabricate freestanding electrodes include electrospinning of Si/CNF
films, vacuum filtration to form Si/G papers, freeze-drying of Si/G aerogels and CVD to
synthesize Si/graphene foams. Unlike the conventional slurry casting techniques, these
freestanding composites can be directly employed as the electrodes without further treatments,
potentially reducing the manufacturing cost. Moreover, the porous 3D structure like Si/G

aerogels and Si/graphene foams with a large surface area can also promote electrolyte
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penetration and ion diffusion for high power outputs. Another important merit is that the
processes to synthesize freestanding electrodes are highly scalable, making them amenable to
mass production.

2.4 Disadvantages of nanosilicon anodes and potential solutions

Apart from the aforementioned benefits and useful features of nanosilicon-based electrodes,
they also possess several important disadvantages [214-217], including (i) low
thermodynamic stability, (i) formation of thick SEI layers, (iii) poor packing densities and
(iv) high manufacturing costs. One should note that Si NPs tend to aggregate together to
reduce their surface energy, causing poor dispersion of active particles among polymer binder
and conductive additives. The Si particles within the large clusters are easily isolated from
the conductive additives and electrolyte during the charge/discharge cycles, becoming the so-
called ‘dead’ particles. Compounding the problem, these agglomerated Si NPs can be
electrochemically sintered to form larger ones during lithiation, lessening the advantages
arising from nanostructures. As discussed in Section 2.1, the large surface area offered by
nanosilicon is a useful feature for high-rate performance by enhancing the ionic conductivity.
In fact, the large electrolyte/electrode interfacial area is a double-edged sword. It favors the
formation of more SEI on the electrode surface by consuming more electrolyte during
discharge than in the Si electrodes with microscale particles, causing low Coulombic
efficiencies. In addition, the tap densities of nanosilicon electrodes are very low, often below
0.5 g cm?, because of the large empty space between NPs and the voids created to
accommodate the expansion of Si [36,66,84].

Effective strategies have been developed to mitigate the above disadvantages while
maintaining the attractive features of nanosilicon. For example, Si NPs were monodispersed
by amino-silane termination and F ion mediation in aqueous solution [164], ameliorating the

dispersion of Si particles on carbon hosts. Forming microscale secondary particles is a
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successful approach that can improve both the initial Coulombic efficiency and the tap
density of Si anodes. For example, microscale Si secondary particles consisting of tightly
assembled Si/C yolk/shell primary NPs were fabricated, which were also coated with an
amorphous carbon layer as the electrolyte blocker [218]. The volume expansion of Si NPs
was accommodated by the void space in the yolk/shell structure; the tap density was
significantly enhanced to 0.53 g cm™ by space-efficient packing of primary Si/C NPs while
the formation of SEI was limited to the outer surface of secondary particles. A significantly
higher tap density of 0.91 g cm™ with an outstanding areal capacity of ~3.5 mAh cm was
further achieved by fabricating Si/C secondary clusters by means of mechanical press [219].
To mitigate the high material and fabrication cost of nanosilicon, magnesiothermic reduction
of abundant natural SiO2 sources, like sand, rice husks and bamboo leaves, has been
demonstrated as a potentially cost-effective approach preparing nanosilicon with large scale
and high performance, see Section 2.2.4.

Besides the aforementioned strategies to fabricating nanostructured Si and Si-based
composites, there are many other material parameters, such as the electrolyte additives,
binders and current collectors, which also significantly affect the reversible capacities and
cycle life of Si anodes. Several useful reviews have recently appeared to shed insights into
the design principles and optimal properties of binders [220-222], the working mechanisms
of electrolyte additives [35] and promising current collectors beyond Cu foils [43]. As such,
similar discussions will not be repeated here while more focus is placed on understanding the
fundamentals, mechanisms and designs along with applications of nanosilicon electrodes in

this review.

3. Fundamental understanding of Si anodes (based on in-situ experiments)

In parallel with the research efforts made to promote the electrochemical performance of Si
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electrodes, extensive research has been directed towards understanding the underlying
mechanisms behind the volumetric expansion, structural changes and fracture of Si during the
lithiation/delithiation cycles. The information on these mechanisms can not only provide
important guidance for designing optimized Si structures, but also shed light on factors
influencing the reaction processes and the resulting electrochemical performance. Among
various techniques devised for this purpose, the in situ examination appears to be most suited
for real-time investigation of charge/discharge behaviors of electrode materials. Fundamental
understanding revealed by in-situ TEM and other in-situ characterization techniques are
discussed in the following, and the major findings are summarized in Table 9.

3.1 In-situ transmission electron microscopy examination

In-situ TEM is a powerful tool recently developed to probe in real-time the electrochemical
reactions taking place in the electrode at high spatial resolution [223]. A typical nano-battery
setup for in-situ TEM examination is illustrated in Table 9. For probing Si anodes, the nano-
battery apparatus consists of three components, including an electron transparent Si anode, a
vacuum-compatible electrolyte (i.e. LioO) and a Li metal cathode. In an in-situ TEM
experiment, lithiation commences as soon as the Si anode is in physical contact with the
cathode while a negative bias potential is applied to the anode. Delithiation would happen
when an opposite potential is applied to the anode. Based on many years of extensive
research, substantial understanding has been established on lithiation mechanisms, reaction
kinetics, the effects of coating layers on electrochemical behaviors of Si electrodes and the
properties of lithiated Si, as discussed in the following.

3.1.1 Lithiation mechanisms

It is discovered that c-Si NPs underwent a phase transition from c-Si to amorphous LixSi (a-
LixSi) upon lithiation, as partially discussed in Introduction. The bump-shaped a-LixSi shell

grown along the <110> direction (Fig. 11b) and the faceted c-Si core (Fig. 11c) indicate that
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the lithiation of Si NPs was anisotropic with preferential lithiation along the <110> direction.
This unique phenomenon was also observed in the lithiation of c-Si NWs [224], which was
interpreted by differing interfacial mobilities of different crystallographic planes during
lithiation [22]. The anisotropic expansion is not attributed to different diffusivities of Li in c-
Si because the symmetric elements of cubic Si crystals can only lead to isotropic diffusion.
Rather, it can be explained by the anisotropic reaction Kinetics associated with different
electrochemical potentials for different crystallographic planes of Si, according to the first
principles simulations [11]. It is also proposed that the very first anisotropic volume
expansion of a Si particle in liquid electrolyte was related to the smaller Li diffusion energy
barrier at the Si-electrolyte interface along the <110> direction. Upon completion of this
stage, the Li diffusion became isotropic [225]. It is also interesting to note that there existed a
critical particle diameter of ~150 nm (Fig. 11d) above which the particles tended to fracture
due to the formation of surface cracks, according to the statistics of facture behavior of many
c-Si NPs during lithiation. This finding provides invaluable information for the design and
synthesis of nanosilicon electrodes [226]. To enrich the understanding of Li-Si reactions, the
lithiation process of a-Si NPs was also examined [227,228]. Although the a-Si particles
underwent a two-phase transition similar to c-Si during the first lithiation (Figs. 11e-h), there
were noticeable differences. The a-Si particle was isotropically lithiated, in contrast to the
anisotropic lithiation with a faceted core in the c-Si particle (Fig. 11i), and the concentration
of Li in the lithiated a-Si phase was lower than that in the crystalline case. More importantly,
the a-Si particles of up to 870 nm in diameter did not fracture, which is a few times larger
than the threshold diameter of ~150 nm for the c-Si particles [228]. Their different stress
states created during lithiation were responsible for the largely enhanced fracture resistance
of a-Si particles, according to the chemomechanical models [229,230]. c-Si particles undergo

two-phase lithiation with a sharp reaction front where the c-Si core experiences a
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compressive hoop stress while the lithiated surface layer experiences a large tensile hoop
stress, leading to the initiation and growth of surface cracks. In contrast, a-Si particles are
subject to single-phase lithiation after the first cycle, thus the compressive hoop stress
prevails over the whole structure. The uniform distribution of stresses in the isotropically
expanded a-Si particles also benefits the structural stability of the electrodes.

3.1.2 Lithiation kinetics

The lithiation Kkinetics of c-Si particles have also been extensively studied. It is found that the
movement of reaction front was controlled by the reaction rate at the a-LixSi/c-Si interface,
instead of Li diffusion speed through the lithiated region. As lithiation continued to propagate
towards the Si particle inside, the reaction rate slowed down because the mechanical stresses
generated from the volume expansion reduced the thermodynamic driven force, as confirmed
by analytical models [231,232]. The lithiation rates of a-Si particles significantly differed
from those of c-Si particles, where the lithiation thickness of a-Si particles increased almost
linearly with lithiation time. The positive linear relationship was explained by its lower
hydrostatic stress that impeded the interface velocity in the reaction front than that in c-Si
particles [228]. However, the above explanation of the intriguing phenomenon has not been
fully verified by solid evidence, requiring further investigations.

Similar to c-Si particles, the lithiation process in c-Si NWs also became significantly sluggish
after the initiation and even stalled due to the large compressive stresses generated at the
reaction interface, resulting in a c-Si/a-LixSi core/shell NW structure after the reaction [233].
Several important parameters, such as the diameter and electrical conductivity of NWs,
controlled the freezing of lithiation in the electrodes. It was demonstrated that the freezing
could be avoided by selecting Si NWs of diameters below 38 nm [234]. To establish the
relationship between the electrical conductivity and lithiation kinetics or freezing of lithiation,

a few Si NWs with different conductivities were prepared and their lithiation behaviors were
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examined under in-situ TEM [235]. They include pristine Si, phosphorus doped (P-doped) Si,
carbon-coated Si and carbon-coated, P-doped Si NWs with different electrical conductivities
of 5.95x1073, 1.05x10%, 3.76 and 1.77x10° S m™ (Fig. 11j), respectively. The results revealed
that the corresponding lithiation rates of the four Si NWs were 2.3, 20.5, 27.5 and 117.4nm s
! (Fig. 11k), respectively, suggesting that enhancing the conductivity of Si NWs was an
effective way to improve the reaction kinetics and eliminate the self-limiting lithiation of Si
NWs.

3.1.3 Effects of coating layers

It is discussed in Section 2.3 that surface coatings can significantly improve the
electrochemical performance of Si-based electrodes, and thus understanding the underlying
mechanisms of how these coatings function is vital. For examples, the electrochemical
lithiation behaviors of bare Si and carbon-coated Si (Si/C) particles were studied using in-situ
TEM [143]. The bare Si particles underwent an anisotropic expansion during lithiation,
consistent with other reports [226,231]. In contrast, the Si/C particles displayed an isotropic
lithiation with spherical shaped a-LixSi shell and c-Si core at the initial stage (Fig. 12a),
which later transferred to anisotropic lithiation after 30 s. The characteristic isotropic
expansion of Si/C particles is attributed to the fact that the thermodynamic driving forces
brought by the uniform external voltage [236] and the mechanical stresses through the
mechanically robust carbon coating are larger than the neat free energy change in forming
LixSi, whose process is intrinsically anisotropic [237]. The isotropic expansion is beneficial
to structural stability of Si/C particles due to the uniform distribution of mechanical stresses.
In addition, the in-situ TEM investigations also revealed that the lithiation rate of Si/C
particles was 3.5-4 times faster than that of bare Si particles due to the highly conductive and
uniform carbon coating. The largely improved reaction Kkinetics of Si particles by

hybridization with conducting materials were also evidenced by in-situ TEM studies of many
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other Si-based composite electrodes, such as CNT/Si [151], CNF/Si [238], GO/Si [236], SiC-
free G/Si [237], Si/C particles [143,239], Si/conducting polymer [240] and Cu/Si NWs [241].
For example, a lithiation rate of ~20 nm s was detected for the Si/CNT composites [151],
much faster than 0.07-3 nm s for the bare Si particles.

In addition to reaction Kinetics, there were also changes in degradation mechanism of Si
depending on whether Si particles were coated with carbon or not. The damage mode of Si
particles was modified from multiple-crack pulverization to single-crack fracture after carbon
coating [143], which is beneficial to maintaining the electrically conductive networks
between the individual Si particles. The Si particles encapsulated in the CNF matrix
presented different damage behaviors. The aggregated Si NPs within the electrospun Si/CNFs
underwent significant electrochemical sintering following the large volume expansion of Si
particles, causing fracture of the CNF shell (Fig. 12b) [238]. This observation signifies that
moderately-filled individual Si NPs, instead of densely-packed agglomerated Si particles, can
better achieve enhanced electrochemical performance of Si/CNF composites.

In contrast to the major beneficial effects of most coating layers on Si particles, the in-situ
TEM examination unexpectedly revealed detrimental roles of coatings on Si [241,242]. For
example, the native SiOx layer on Si NPs reacted with Li to form electrically insulating Li.O
islands, which in turn prevented full lithiation of Si anode by retarding the electron transport.
This observation explained the reason behind the low Coulombic efficiencies of LIBs made
from partially oxidized Si electrodes [243]. In addition, the PPy coated Si particles (PPy/Si)
presented a ‘self-discharging’ or self-delithiation phenomenon during lithiation [244]. As
shown in Figs. 12c-f, the PPy/Si particles were lithiated with the a-LixSi/c-Si reaction front
moving inward the Si particle in the first 30 s. However, the reaction front stopped moving
inward, but rather it began to move backward, leading to the shrink of lithiated Si particles to

its original size after 40 s (Fig. 12f). To elucidate the underlying mechanism of ‘self-
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discharge’, an analytic model was applied [231,232]:

AG, = AG? — e + - [05 QS — okixSi qLixsi] (16)
where AG, is the Gibbs free energy change for the formation of 1/x units of LixSi at the
reaction front, AG? is the neat free energy change of Li-Si alloying, ¢ is the external voltage
applied to Si anode. 63! and o%i*! refer to the mean stresses induced by the Si core and LixSi
phase, respectively. Q5 and QL*S! are the volumes of one Si atom and a LixSi unit,
respectively. Thus, the last term in the brocket refers to the resistance force arising from the
mechanical stresses generated at the reaction front. If the resistance force arising from the
compressive stress is larger than the neat free energy change and the external voltage driving
force for lithiation, i.e., AG. > 0, the motion of the reaction front may be retroacted (Fig.
129), thus the ‘self-discharge’ happens. It is also found that the constraint from the PPy
coating decreased the tensile stresses in the Si particles, increasing the critical size of Si
particles from 150 nm to 380 nm. These observations suggest that it is necessary to identify
both the potentially detrimental and beneficial effects of coatings on Si particles when
selecting coating materials.

3.1.4 Properties of lithiated silicon

To mitigate the mechanical degradation of Si anodes caused by large volume expansion
during lithiation, it is essential to understand their mechanical behaviors. Much progress has
been made in identifying the mechanical electrochemical phenomena of Si anodes by in-situ
TEM and other techniques. For example, a dual probe consisting of atomic force microscopy
and scanning tunneling microscopy was used to lithiate a Si NW which was then subjected to
an in-situ tension in TEM (Fig. 13a) [245]. The Yong’s modulus, tensile strength and fracture
strain were determined to be 180 GPa, 3.6 GPa and 8 % for the pristine Si NWs and 7.9 GPa,
0.72 GPa and 16 % for the lithiated Si NWs, respectively, suggesting a certain degree of

tensile plasticity and softening after lithiation. The lithiation-induced softening behavior was
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also detected using other techniques [246,247], as follows. (i) An ex-situ nanoindentation was
used to measure the hardness and elastic modulus of a Si thin film as a function of lithium
concentration. The hardness and Young’s modulus decreased from 5 to 1.5 GPs and 92 to 12
GPa after full lithiation[248]. (ii) The hardness of c-Si, a-LizsSi and c-Lis7sSi measured by
in-situ indentation were 14.8, 1.0 and 0.8 GPa, respectively [249]. (iii) A charge-coupled
device optical measurement system was developed to in-situ monitor the deformation and
elastic modulus evolution, presenting a 90 % decrease in elastic modulus of Si composite
after lithiation [250]. To understand why lithiation softened Si anodes, the first principles and
molecular dynamics simulations were carried out [251-253]. It was revealed that lithium
insertion caused the breaking of strong Si-Si bonds and the formation of weak Si-Li bonds,
leading to a brittle-to-ductile transition with increasing Li concentration and a concomitant
reduction of the Young’s modulus. The continuous Li-assisted breaking and reforming of Si-
Si bonds and the creation of nanopores during deformation contributed to the large plasticity
of lithiated Si.

The fracture resistance of lithiated Si, a critical parameter dictating the structural durability of
Si electrode during cycles, has also been studied by in-situ TEM. After partial lithiation by
Li/Li2O in TEM, the Si NW was subjected to in-situ compression using the Li probe (Fig.
13b) [254]. Interestingly, the c-Si core presented brittle fracture with a flat fracture surface
while the a-Liz7sSi shell underwent a large tensile deformation of ~47 % without fracture
(Fig. 13c). The nanoindentation of a-Si films revealed that the fracture toughness and fracture
energy drastically increased from 0.51 MPa v/m and 2.85 J m for a-Si to 0.77 MPa v/m and
8.54 J m for Li10eSi. The largely enhanced fracture resistance was explained by molecular
dynamics simulations that the local tensile deformation near the crack tip of Li-rich Si (i.e. a-
Li>5Si) was accommodated by the stretching, rotation, breakage and reformation of atomic

bonds resulting in blunted crack tip (Fig. 13d). In contract, the Li-lean Si (i.e. a-LiosSi) with
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many covalent Si bonds lacked bond reformation and the crack tip remained sharp (Fig. 13e).
The high fracture resistance of Li-rich Si provides important implications for designing
durable Si anodes under cyclic loading. Also reported, however, was an apparently
inconsistent finding in which the fracture energy of lithiated Si was independent of the
concentration of lithium and was similar to that of pristine Si [255], requiring further studies
for clarification.

3.2 Other in-situ techniques

3.2.1 In-situ atomic force microscopy

The SEI layers are formed by electrolyte decomposition during discharge, which play an
important role in determining the cycle life of Si-based electrodes. Thus, it is necessary to
study the formation mechanisms and structural evolution of SEI layers during cycles.
Because the properties of SEI layers are very sensitive to sample preparation steps after
electrochemical tests, such as washing and cleaning, in-situ characterization is an ideal choice
to avoid unwanted damage to them. Although in-situ TEM provides unique opportunities of
probing the reaction mechanisms of individual nanosilicon, the electrode/electrolyte interface
in the nano-battery prepared with a solid electrolyte is much different from the situation in
real batteries with liquid electrolyte [143]. Instead, the in-situ atomic force microscopy (AFM)
has emerged as an invaluable tool to probe the SEI layers by scanning the interphase between
the electrode and the liquid electrolyte during cycles [256-258]. By probing the heights of an
individual Si NW electrode under the AFM tip [256], the formation of initial SEI layer was
divided into three stages at different potentials (Fig. 14a): (i) at above 0.4 V, a thin (ca. 5 nm)
primary SEI layer grew slowly; (ii) at 0.4-0.1 V, the SEI grew rapidly with a thicker and
grainy feature; (iii) at below 0.1 V, the SEI layer kept growing at a much slower speed than
the second stage and the Si NW electrode was completely covered by a 22-29 nm thick SEI

film (Fig. 14b). The SEI formation behavior on Si surface could differ significantly if a
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different electrolyte was used. For example, the SEI film thickness at the steady state after the
initial growth was 17-20 nm when the ethylene carbonate (EC) electrolyte was used, whereas
the SEI film thickness was 10-12 nm when the propylene carbonate (PC) electrolyte was used
[258]. According to the AFM results, the SEI layer was formed during the initial lithiation
cycle and remained stable within less than 5 nm variation during the subsequent cycles for
both the EC and PC electrolytes, suggesting the stability of SEI layers on the Si thin film
electrode. It is worth noting that the in-situ AFM has also been applied to study the volume
expansion of Si electrodes by scanning the changes in Si film height during reactions (Table
9) [259-261].

3.2.2 In-situ scanning electron microscopy

Another limitation of the in-situ TEM technique is that it is difficult to show the whole cyclic
electrochemical reactions due to its nanoscale working platform and rigorous vacuum
environment. An in-situ SEM with a good spatial resolution has been developed to study the
structural evolution of Si electrodes by placing a LIB cell inside the chamber (Table 9)
[262,263]. It is revealed that the height of Si nodules gradually increased from 36 pum of the
original state to 80 pm at the 10" cycle, partially confirming the results reported by in-situ
AFM [256]. This phenomenon, which was responsible for the gradual capacity degradation of
Si particle anodes, is attributed to two reasons: (i) the conductive binders and polymer matrix
failed to revert to their original morphologies due to the large volume variation of Si particles
and (ii) the densities of a-Si and LixSi formed during charge/discharge were lower than the
pristine c-Si particles. It is also revealed that the bare Si particles underwent electrochemical
sintering to form large clusters during cycles, resulting in structural degradation after long
cycles [262]. The studies of Si electrodes using in-situ SEM are still rare, and in particular the
formation of SEI layers and the structural evolution of Si particles upon many cycles would

be interesting topics to be probed by in-situ SEM.
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3.2.3 Other in situ techniques

There are other in-situ techniques focusing on studying different aspects of Si-based
electrodes, as listed in Table 9. For instance, the in-situ XRD technique has been applied to
study the phase evolution of c-Si electrodes during lithiation/delithiation cycles [264], see
Introduction. Apart from the information mentioned in Introduction, it is revealed by in-situ
XRD analysis that the formation of unwanted c-LiisSis phase in Si NW electrodes could be
avoided by devising several modifications to materials and processing parameters, e.g.,
increasing the lithiation potential to above 70 mV [19], decreasing the thickness of Si film to
below 2 pum [265] and modifying the Si NW growth temperature from 450 to 500 °C [266].
These methods offer a useful design guideline for stable cyclic performance of Si electrodes
by avoiding c-Li1sSis reaction products. In-situ ‘Li nuclear magnetic resonance (NMR) based
on the magnetic resonance properties of nuclear isotope ’Li has also been used to evaluate the
kinetics and reaction processes of Si electrodes on an atomistic level under realistic
conditions over multiple cycles [267-270]. The NMR study of the initial discharge process
revealed that the crystalline-to-amorphous phase transition occurred via the formation of
small Si-Si clusters and isolated Si atoms embedded in the Li matrix where the former was
dissolved at the end of discharge, forming isolated Si atoms [268]. These findings are in good
agreement with the modeling results mentioned in Introduction. It is also found that the
transition from amorphous to crystalline LisSis process was inhomogeneous at ~50 mV. c-
LiisSis was easy to nucleate and grow from the domains of a-LiisSis surrounded by richer
isolated Si* anions, resulting in the formation of over-lithiated c-Liis+sSis and Li-deficient c-
Li1s-sSis phases (Fig. 14c). During charge, the Li-deficient c-Liis5Sis acted as nuclei for the
growth of small Si clusters by removing Li ions, which then grew into extended Si networks
at above 0.3 V for a-Si formation [269].

In summary, motivated by the synthesis of new electrode materials for rechargeable batteries,

55



there have been rapid developments of new and accurate tools to characterize their
electrochemical performance in the last few years. In particular, in situ characterization tools,
such as in situ TEM, SEM, AFM, XRD and NMR, are now becoming increasingly popular
for the evaluation of real-time energy storage behaviors of batteries. It is envisaged that a lot
more comprehensive and insightful understanding can be established of the energy storage
behaviors of Si electrodes if one of these in-situ techniques is combined with another so that a
more complete picture can be drawn than one technique acting alone. Another potential
improvement can be made by integrating the results obtained from various ex-situ techniques,
like XPS, electrochemical impedance spectroscopy (EIS) and FTIR, with the aforementioned

in situ techniques.

4. Application of Si anodes in rechargeable batteries beyond LIBs

The foregoing discussions are mainly focused on Si anodes for LIBs. Apart from LIBs, Si-
based anodes have also shown a great potential as electrodes for other types of rechargeable
batteries, like Li-sulfur (LSB), Li-O2 (LOB) and Na-ion batteries (SIB). Significant progress
has been made along with numerous studies in employing lithiated Si to replace the dendrite-
forming Li metal anodes in LSBs and LOBs. The studies of Si anodes for application in SIBs
with potentially high energy densities have appeared recently. The examples of Si anodes
applied in these rechargeable batteries beyond LIBs are discussed in the following.

4.1 Li-sulfur batteries

LSBs undergo a redox reaction according to the below equation:

S+ 2Li* + 2¢ <> LizS (17)
to deliver a high specific capacity of 1672 mAh g, a moderate working potential of 2.1 V
and an exceptionally high energy density of 2567 Wh kg™. These intriguing features make

LSBs promising candidates to power the next-generation EVs with a capability to drive a
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long distance [271,272]. The current LSBs use Li metal as anodes, but the Li metal causes
serious safety concerns due to the formation of Li dendrites during cycles. The incorporation
of high capacity Si anodes has been proven to be one of the most effective approaches to
mitigate the above challenges. Pre-lithiated Si nanostructures with a high Li storage capacity
were prepared mainly using a self-discharge process [273,274] and electrochemical lithiation
with [275] or without Li-metal [276]. The pre-lithiated Si not only prevented the formation of
Li dendrites, but also enhanced the energy density because of the desirable amount of Li. For
example, highly reversible LSBs were designed using a dual-type sulfur cathode and a
lithiated Si/SiOx NS anode [277]. The Si/SiOx anode was pre-lithiated by direct contact with
Li metal in an electrolyte, which later served as the Li source in full cells. The cathode
consisted of an activated carbon/sulfur composite on a gas diffusion layer as the electrode and
an electrolyte containing Li>Sg, as schematically shown in Fig. 15a. Thanks to the synergy
arising from the newly-designed anode and the optimized cathode, the full cell delivered a
remarkable specific capacity of ~750 mAh g* at 1.675 A g* after 500 cycles with 85 %
capacity retention (Fig. 15b). This value corresponds to an energy density of 497 Wh kg™,
which is more than three time that of commercial LIBs, ~150 Wh kg™. It is worth noting that
the dissolved polysulfides can react with the lithiated Si anode, which can be alleviated by a
Nafion coating on lithiated Si anodes [275]. To further inhibit the dissolution of polysulfides
and improve the energy density, a LixSi-S battery was prepared using a honeycomb-like
sulfur copolymer structure built on the 3D graphene networks as the cathode and a 3D
lithiated Si/graphene as the anode. The sulfur copolymer prepared through the
copolymerization of elemental sulfur with 1,3-diisopropenylbenzene possessed a high sulfur
content of over 90 % and inhibited the dissolution of polysulfides [278]. The full LixSi-S cells
made from freestanding electrodes without metal current collector delivered an ultrahigh

energy density of 1147 Wh kg (based on the total mass of anode and cathode) and excellent
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cyclic stability over 500 cycles [279].

Lithium sulfides (Li-S) with a high theoretical specific capacity of 1166 mAh g* were also
used as the cathode to supply Li and couple with the high capacity Si anodes [280,281]. For
instance, a novel Li.S/Si LSB consisting of a Li-S/mesoporous carbon composite cathode and
a Si NW anode has been reported, as shown in Fig. 15c [281]. It delivered a remarkable
theoretical energy density of 1550 Wh kg, several times that of LiCoO/graphite batteries
(Fig. 15d). It should be noted that there are important drawbacks arising from the use of Si-
based anodes and Li>S cathodes for full Si-S batteries [282]. They include the high initial
irreversible capacity due to the side reactions occurring between Si and electrolyte, the
extremely poor electrical conductivity of Li>S and the decomposition of Li.S in the presence
of oxygen and moisture. All of these issues should be addressed in the future before realizing
practical applications of Li»S/Si full batteries.

4.2 Li-O2 batteries

LOB is another popular rechargeable energy storage system with an ultrahigh theoretical
specific energy density of ~3600 Wh Kg™* [283]. The redox reaction occurs according to the
equation:

2Li* + Oz + 26" < Li20; (18)
Similar to LSBs, the safety issues arising from the Li metal anode have substantially retarded
the implementation of LOBs in practical applications. In spite of the tremendous efforts made
to address the issues of electrolyte and cathodes, there have been only a few papers involving
alternative anodes [284-287], implying great challenges as well as many opportunities for
developing Si-based anodes for LOBs. Lithiated Si/C composites first appeared as the anode
for LOBs in 2012, and Fig. 16 presents the schematic of LixSi-O2 cell structure and its
electrochemical behaviors [284]. The reversible reaction of the LixSi/O2-C cell was verified

by the ex-situ XRD analysis where the Li,O, peaks appeared after discharging but were
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totally absent after charging (Figs. 16b-c). This work also pointed out a limited cycle life of
15 cycles and the gradual voltage decay during cycles at a cut-off capacity of 1000 mAh
Qearbon 1, @s shown in Fig. 16d. The failure mechanisms of full LixSi-O; batteries are still under
investigation, and the formation of LiOH on Si anode by a side reaction of moisture in the
electrolyte and the Li ions returning from the cathode during charging could be a possible
reason [286]. To protect the lithiated Si anode and extend the cycle life of full LixSi-O;
batteries, a novel fluoroethlene carbonate (FEC) modified electrolyte containing
bis(trifluoromethane) sulfonimide salt and tetraglyme solvent has been developed [287]. A
strong and deformable SEI film composed of LiF, Li.COz and polyfluorocarbon was formed
on the surface of Si particles during pre-lithiation. The polyfluorocarbon possessed good
mechanical flexibility and chemical stability so that the durable SEI film functioned as buffer
to accommodate the volume fluctuation of Si as well as passivation layer to prevent the O
crossover on the Si anode. As a result, the modified full LixSi-O> batteries were sustained up
to 100 cycles at a cut-off capacity of 1000 mAh g*.

4.3 Na-ion batteries

SIBs have attracted tremendous research interest due to many beneficial features of Na,
including the abundance of raw materials, low toxicity and low cost. With the particular
advantage of low-cost raw materials, SIBs have been considered likely alternative to LIBs for
large-scale smart grid applications. Si with a high specific lithium storage capacity naturally
has drawn much attention as the anode for SIBs. Unfortunately, the computational analyses
of the sodiation of c-Si involved a positive formation energy [288,289] with the reaction
process energetically unlikely. This finding is consistent with the negligible capacity
observed for the c-Si electrodes in SIBs [290]. In contrast, a-Si was able to absorb 0.76 Na
atoms per Si with a negative formation energy of -0.15 eV for Nao 76Si (Figs. 17a-b), which

value is much higher than -1.1 eV for LixSi and corresponds to a theoretical specific capacity
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of 725 mAh g* with moderate volume expansion of 114 % [291]. There have hitherto been
only a few experimental reports on Na ion insertion/extraction in Si anodes with a significant
capacity [292-294]. Si NPs of ~20 nm in diameter were prepared by expanding thermal
plasma CVD, which consisted of both c-Si and a-Si with a weight ratio of c-Si: a-Si =
0.39:0.61. The Si electrodes displayed initial sodiation/desodiation capacities of 1027/270
mAh g* with a very low Coulombic efficiency of 26.3 %. The low Coulombic efficiency was
attributed to the formation of excessive SEI layers due to the reaction with native oxide layers.
Si/C composites with tunable degrees of crystallinity were synthesized by ball milling of
pristine Si and graphite granules for different durations [294]. The Si/graphite composite
prepared by 1 h ball milling exhibited a stable cyclic performance with a high capacity of 280
mAh g* after 100 cycles at 0.1 A g*. Although the Coulombic efficiency of the first cycle
was only 54.4 % due to the SEI film formation, the efficiencies measured afterwards were
almost 100 % (Figs. 17c-d). It seems that the co-existence of a-Si and c-Si phases promoted
the Na ion storage in the Si anode, which needs further confirmation.

4.4 Remaining issues of Si anodes beyond LIBs

In addition to the discernable achievements in electrochemical performance of Si anodes
beyond LIBs, several fundamental issues involving the synthesis of LixSi, the stability of
LixSi and the reaction of Si with Na warrant further discussion, as follows.

(i) LixSi with a large Li storage capacity has been identified as a promising Li-metal free
anode for LSBs and LOBs and an excellent prelithiation reagent that can improve the initial
Coulombic efficiency of LIBs. Therefore, scalable synthesis of reliable LixSi compounds
becomes an important issue. Based on a thermodynamic estimate, i.e. AG = -42 kJ mol™* for
Lis4Si formation, Li spontaneously reacted with Si to form a LixSi alloy so that LixSi
compounds were prepared by pressing Si and Li metal along with electrolyte in-between

[273,274]. Another method is to take advantage of Si-Li phase diagram (Fig. 3a). LixSi alloys
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were prepared by heating and stirring a stoichiometric mixture of Si particles and Li metal in
an Ar-filled glove box [295].

(if) The as-prepared LixSi alloys present extremely high chemical reactivity such that they
can easily react with proton-containing solvents, like water and alcohol, and highly polar
organic solvents, like N-methyl-2-pyrrolidinone and carbonate. It is reported that the LixSi
alloys survived only in low polar solvents, such as ether and toluene, while they reacted
aggressively with polytetrafluoroethylene polymer binder, leading to poor compatibility with
battery synthesis steps [296,297]. In addition, the LixSi electrodes in LSBs and LOBs are
easily attacked by lithium polysulfides and oxygen molecules as mentioned above. Because
ensuring the chemical and structural stability of LixSi in full batteries is essential, significant
efforts have been made to enhance the stability of LixSi in air and humid environment by
surface modifications. For example, the LixSi/LiO core/shell structure was prepared by
exposing LixSi particles to dry air [296,297] and an artificial SEI film consisting of LiF and
Li alkyl carbonate with long hydrophobic carbon chains was deposited on LixSi by reducing
1-fluorodecane on the LixSi surface [298]. The dense Li2O and artificial SEI films effectively
prevented further reaction of the underlying LixSi with O, or moisture.

(iii) The simulation results in Section 4.3 show that the sodiation of c-Si is unfavorable
because of the poor binding strength (-0.79 eV) and the high energy barrier for Na diffusion
(1.04 eV) [288,289]. Even so, many publications have focused on perfect Si crystals. When
defects, such as dislocation, twin boundary and heteroatom doping, are considered, however,
the thermodynamic properties and reaction kinetics of SIB using a Si anode are largely
different [299,300]. For example, a multi-scale simulation [300] showed that the Si anodes
containing 90° partial dislocations enhanced the binding energy of Na to 0.423 eV by
providing large space for Na atom insertion while reducing the Na migration barrier to 0.75

eV through fast motion pipe. Although the Si anode can make a promising candidate for SIBs,
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there are many unresolved questions, such as the lack of understanding of sodiation

mechanisms, reaction kinetics and structural evolution of Si anodes during cycles.

5. Perspectives of Si anodes for practical applications

Although a remarkable progress has been made to enhance the electrochemical performance
and to enrich our fundamental understanding of reaction mechanisms of Si-based anodes for
high performance rechargeable batteries, there are still many critical issues that have to be
fully addressed for large scale use of Si electrodes. They are summarized in the following.
Manufacturing processes. From the view point of massive production and practical
applications, Si electrodes with good electrochemical performance should be prepared in a
scalable, low-cost and environment-friendly manner. Among all aforementioned
manufacturing methods in Section 2.2, MR seems to be the most promising because Si
nanostructures with controlled morphologies can be prepared on a large scale and in an
environment benign way. Among many different Si precursors, the use of natural materials is
considered appealing because of their abundant supply and negligible material costs [110-
115]. Natural resources with an intrinsically porous structure are particularly attractive for
heat radiation and the preservation of 3D porous structures during reactions. However,
several important issues still remain unresolved, including how the purification process of
silica can be simplified from the natural resources, how a high conversion yield can be easily
achieved and how the porous structure can be stably maintained during reduction. In addition
to the abovementioned approaches associated with the preparation of nanosilicon and Si-
based composites, the optimization of the properties of binders, electrolytes and current
collectors is also important to achieve enhanced performance of Si anodes. Optimal
combination of these individual constituents using low-cost, reliable materials and large-

scalable fabrication methods have yet to be realized.
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Initial Coulombic efficiency. For real-world applications, the ICEs of Si electrodes should be
over 90 % similar to that of commercial graphite anodes, but most ICE values listed in Tables
4,5, 7 and 8 are in the range of 50-85 %. The low ICEs are attributed mainly to (i) the
formation of a thick SEI layer due to the large contact area accessed by the liquid electrolyte
and (ii) the entrapment of Li ions in carbon, conducting polymer and Si particles. To
compensate the significant initial Li loss, several strategies have been proposed: namely, (i)
to add commercial microscale Li metal powders as prelithiation reagent [301]; (ii) to add
LixSi NPs as Li donors to the pristine anodes [298]; and (iii) to prelithiate the electrode to
form an artificial SEI layer before cyclic tests [302]. The ICEs of modified Si anodes
improved to above 90 % by effective Li ion compensation. However, the microscale Li
metals and LixSi prelithiation reagents have low potentials and an extremely high chemical
reactivity, causing serious compatibility issues with ambient environment, solvents, binders
and thermal treatment during the manufacturing of batteries [303]. The prelithiation of
anodes requires many extra materials/tasks, e.g. a temporary battery consisting of an anode
and lithium metal, a long time for Li ions to diffuse across the entire electrode and precise
monitoring to check the degree of prelithiation, making this method unsuitable for large-scale
production. This means that it still remains a big challenge to achieve high ICEs for
nanosilicon electrodes in a feasible, reliable and scalable manner.

Energy density. The Si-based electrodes should deliver high gravimetric/volumetric energy
densities sufficient for EV applications. Currently, the Si electrodes are prepared mainly by
casting the mixture of active materials, binder and carbon black onto Cu foil current
collectors. The gravimetric capacities of above 1000 mAh g* are usually obtained by
calculation based on the active materials, like Si and Si/C. If the weights of other components
were taken into account, the real specific capacity of the whole electrode would be lower than

100 mAh g, assuming a Si content of 70 wt.%, a Si loading of 1.0 mg cm™ and a Cu areal
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density of 7.0 mg cm. This estimate is much lower than 200 mAh g for the commercial
graphite anodes [304]. In addition, the volumetric capacities of Si nanostructures with high
porosities and large specific areas are usually not as attractive as their gravimetric capacities:
e.g. the porous Si sphere electrodes had a specific capacity of 1800 mAh g* but their
gravimetric capacity was ~760 mAh cm [103]. This value is very similar to ~620 mAh cm
of graphite electrodes and far below the theoretical volumetric capacity of Si material, 8322
mAh cm. Moreover, in practical LIB configurations, the swelling of external dimension of a
battery should also be limited to below 5 % to ensure the structural stability and safety of
battery packs. A theoretical analysis [305] reveals that the improvements in volumetric and
gravimetric energy densities using Si/C as anode and lithium nickel cobalt aluminum oxide as
cathode with a constrained volume change were ~14 % and ~21 %, respectively, higher than
those of graphite-based LIBs. The amount of Si content is limited to ~11.7 wt.% accordingly.
Therefore, it can be concluded that although most of Si-based electrodes have high specific
capacities, the real volumetric/gravimetric energy densities of full batteries are considerably
low and cannot meet the needs for EV applications. Possible solutions to improve the energy
density without sacrificing the cycle life of Si electrodes are (i) to prepare free-standing Si-
based electrodes with lightweight current collectors like CNF (~1.5 mg cm™) and graphene
foam (~1.3 mg cm?) as discussed in Section 2.3.4; (ii) to synthesize microscale secondary
particles/clusters (with a high tap density up to 0.91 g cm) using yolk/shell Si/C
nanoparticles as building blocks (with a tap density of 0.15 g cm™) [218,219], see Section 2.4;
(iii) to utilize large microscale Si particles coated with highly flexible conducting polymer
(i.e. self-healing polymer) [306] or graphene cages [307]; (iv) to couple Si/C anodes with
high capacity cathodes to develop new energy storage systems like LSBs and LOBs.

Although progress has been made to obtain high energy density Si electrodes, the commercial
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applications of these nanosilicon electrodes are still limited by their high costs arising from
expensive raw materials and complex synthesis procedures.

Reaction mechanisms and phase evolution. Understanding the phase/morphological
evolution of materials on an atomic/molecular level and the failure mechanisms of electrode
structure is essential to establishing a design methodology for the synthesis of high-
performance Si-based electrodes. Despite the large collections of live data accumulated from
the in-situ investigation of Si nanostructures, our current understandings of how the SEI
layers are formed during cycles, how the interfacial reactions take place between Si and
electrolyte and how the Li-Si electrochemical reaction proceeds are still far from complete. In
addition, it is demonstrated in Section 2.3 that various coatings made of carbon, conductive
polymer and metal (oxides) much improved the electrochemical performance of Si-based
electrodes. However, in-situ TEM investigations revealed that amorphous carbon coatings
were not able to withstand the volume expansion of solid Si particles to maintain the
structural integrity [143]. Moreover, the conductive polymer, PPy, induced self-discharge of
Si particles due to the strong internal compressive stresses generated during lithiation, which
is detrimental to cyclic stability of the electrode [244]. Although the above findings obtained
from in-situ characterization of nanoscale cells are useful for fundamental understanding,
they are insufficient to correctly and clearly explain how the electrochemical performance of
real batteries can be improved. It is obvious that further studies, including quantitative
analyses, are needed to understand the roles of different coating materials under realistic
conditions.

Potential applications. The discussions in Section 4 clearly indicate that Si-based anodes are
promising alternatives to Li metal anodes in LSBs and LOBs both of which may provide
energy contents far beyond that of the current LIBs. The total specific capacity of commercial

LIBs is ~ 130 mAh g* based on the combination of a capacity of ~200 mAh g* for lithium
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metal oxide cathodes and 372 mAh g for graphite anodes. If these anode and cathode
materials are replaced by LixSi/C and S/C composites with capacities of ~1500 mAh g* and
~1000 mAh g, respectively, the LixSi/C||S/C batteries are capable of delivering a total
specific capacity of ~600 mAh g, which is more than four times that of the current LIBs
[308]. When considering the working potentials of commercial LIB (~3.6V) and LixSi/C||S/C
battery (~1.8 V), the specific energy densities are calculated to be ~468 and ~1080 Wh kg,
respectively, leading to a whopping ~130 % improvement in energy density by the
LixSi/C||S/C battery [309]. As highlighted in Section 4.2, a substantial progress has been
achieved for LixSi/S or Si/Li,S full batteries with long cycle life and high reversible
capacities [280,281], but several critical issues need to be addressed in the future. They
include (i) the large-scale production of reliable LixSi composite electrodes; (ii) the initial
irreversible Li consumption caused by the formation of SEI layers; (iii) the elimination of
deleterious reactions between the lithium polysulfides and lithiated Si anodes during cycles;
and (iv) the moderate energy density obtained by a low output voltage of ~1.8 V for LixSi/S
full cells. As for LOB and SIB applications, Si anodes have been limitedly explored thus far.
Apparently, the use of Si anodes for battery systems beyond LIBs is in their infant stage and
there is a large room for exploitation to enrich the knowledge of reaction mechanisms so as to

extend their applications in other rechargeable battery systems.

6. Conclusions

Si is a promising, advanced anode material for next generation high capacity rechargeable
batteries given its ultrahigh capacity, moderate low working potential, abundant supply and
low cost. However, the inherently large volume expansion of Si and the associated structural
deficiencies have hindered its practical implementation. Several strategies have been

successfully established to address the issue of capacity degradation, including the synthesis
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of nanoscale Si architectures and the combination of various functional materials with
nanosilicon. In addition, the fundamental understanding of underlying reaction mechanisms
ascertained by in-situ experiments can offer invaluable insights into and guidelines on how
the Si electrodes can be better designed. To extend the application of Si anodes beyond LIBs,
there have already been many efforts dedicated to exploring them in other rechargeable
battery systems with high energy densities, such as LSBs, LOBs and SIBs.

In this review, an emphasis is laid on the synthesis methods of Si nanostructures and their
relative advantages and disadvantages in terms of manufacturing cost, scalability,
morphological controllability, environmental impact and electrochemical properties of Si
products. After a comprehensive and systematic comparison, it can be said that MR is one of
the best choices for preparing high-performance Si nanostructures in mass production. The
incorporation of functional coatings, like carbon, conducting polymer and metal (oxides), on
nanosilicon enables the Si-based composite electrodes to deliver much enhanced
electrochemical properties with long lives, high capacities and excellent reversibility. Several
key factors are found to be of significance in enhancing the performance: namely, (i)
effective relaxation of mechanical stresses by reducing Si particle size and creating
internal/external pores; (ii) stabilization of SEI layers by applying a coating layer(s) or
compressing the outward volume expansion; and (iii) enhancing charge transfer by
conductive coatings. To disclose the underlying reaction mechanisms, the reaction Kinetics,
the role of surface coatings, the mechanical properties of lithiated Si and the formation of SEI
layers in Si electrodes in real time, in-situ TEM and other in situ techniques have been
successfully developed and utilized.

Over the past two decades, considerable success has been achieved in the design and
synthesis of high-performance nanosilicon electrodes and the understanding of their

electrochemical reaction behaviors. These achievements not only advanced significantly the
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electrochemical properties of Si anodes in LIBs, but also promoted the penetration of Si-
based anodes into other promising rechargeable battery systems. Nevertheless, there are
several important questions hindering the common application of Si-based anodes in high
energy density devices. These challenging issues that need to be continuously explored in the
years to come are associated with high manufacturing costs, low initial Coulombic
efficiencies, low energy densities of the whole electrodes, and partial or incomplete

understanding of the underlying reaction mechanisms.
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Fig. 1. Schematic illustration of different reaction mechanisms of anode materials for LIBs.
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Fig. 8. (a) Schematic of fabrication and (b) electrochemical performance of Si/C electrodes
[143]; (c) deposition of Si NPs on the surface of vertically aligned CNTs [149]; (d) schematic
of a Si/CNT core/shell structure [150]; (e) fabrication process, morphology and
electrochemical performance of electrospun core/shell Si/CNF composites [170]; (f)
schematic of fabrication and (g) cyclic stability of Si NPs-impregnated assemblies of
templated carbon bridged oriented graphene (TCG-Si) electrodes [187]. (Reprinted with
permission from [143,149,150,170,187], Copyright 2016 Elsevier, 2010, 2012 and 2015

ACS).
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permission from [192,193], Copyright 2013 Nature, 2013 ACS).
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SI/CNT (black) electrodes [210]. (Reprinted with permission from [207,209,210], Copyright

2013, 2015 and 2016 ACS).
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Fig. 11. (a-c) Time sequential in-situ TEM images of lithiation of an individual c-Si particle,
(d) statistics of fracture showing the critical size of ~150 nm [226]; (e-h) time resolved in-situ
TEM images of lithiation of an a-Si particle; (i) schematics of initial lithiation processes in a-
Si and c-Si particles [228]; (j-k) lithiation speeds and conductivities of intrinsic (black), c-
coated (red), P-doped (blue) and C-coated P-doped Si NWs (green) [235]. (Reprinted with

permission from [226,228,235], Copyright 2011, 2012, 2013 ACS).
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Fig. 12. (a) Structural evolution of Si/C NPs during the initial lithiation [143]; (b) lithiation
characteristics of Si/CNF electrode under in-situ TEM [238]; (c-f) time resolved TEM images
depicting the “fluctuation” of PPy coated Si NPs during lithiation; (g) schematic illustration
of “self-discharge” process [244]. (Reprinted with permission from [143,238,244], Copyright

2016 Elsevier, 2012, 2015 ACS).
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Fig. 13. (a) Schematic illustration of a tensile test setup within in-situ TEM (up image);
experimental procedure of lithiation and in-situ tension of a Si NW (down image) [245]. (b)
Schematic illustration of in-situ electrochemical and bending test of a Si NW; (c) TEM image
showing the fracture of c-Si core and plastic deformation of lithiated Si shell; molecular
dynamics simulation snapshots showing (d) the ductile response of Li-rich Si (a-Li25Si) and
(e) the brittle fracture of Li-lean Si (a-LiosSi) [254]. (Reprinted with permission from [245,

254], Copyright 2012 ACS and 2015 Nature).

113



b) 0.6 V c)04V (C) Small Si clusters
Isolated Si anions + ¢-Li3.75Si
Large Si clusters + Si extended
1st cycle c-Li3.75+0Si '
— prp—— te
0.5 -
| 1Y

d)0.33V—=0.15V (e)0.15V ()0.1V —=0.01V 045k

b ‘
“ : |

0.4F

0.35

(b)

0.3F

0.25k

0.2F

0.15¢

Normalised 7Li NMR intensity

0.1F

Height / nm

0.05¢

0 200 400 600 800
Distance / nm
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stacked in-situ ‘Li NMR spectra of Si NW electrodes obtained during the first
discharge/charge cycle and enlarged to show the weaker, broader peaks [269]. (Reprinted

with permission from [256, 269], Copyright 2014 ACS, 2014 Nature).
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Fig. 15. (a) Schematic illustration and (b) cyclic performance at 1 C of the full cell consisting
of a lithiated Si/SiOx anode and a dual-type sulfur cathode [277]; (c) schematic of the full
battery comprising a mesoporous C/Li>S cathode and a Si NW anode; (d) comparison of
theoretical specific capacities for different types of LIBs [281]. (Reprinted with permission

from[277,281], Copyright 2010, 2015 ACS).
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Table 1 Comparison of reaction mechanisms, densities, lithiation/delithiation processes,
theoretical specific capacities (Scapacities), volume changes (AV) and potentials of various

representative anode materials.

Reaction Anode Density Lithiation/delithiation Scapacity Potential vs
mechanisms  materials /gcm®  processes /mAhg! AV/% Li/Li*/V

C 2.25 6C + Li <> LiCs 372 12 0.05
Insertion o ] o

|_I4T|5012 35 LTO+ 3Li <—>L|7T|5012 175 1 1.6

Fe304 5.17 Fes04+8Li «»3Fe +4Li,0 924 93 ~0.8

) FeO 5.74 FeO + 2Li - Fe + Li:O 744 ~90 ~1.0

Conversion _ _

C0304 5.18 C0304+8Li<3Co +4Li,O 890 ~100 ~1.1

NiO 6.67 NiO + 2Li«<Ni + Li,O 718 ~100 ~0.6

Si 2.33 Si+ 4.4 Li < LisaSi 4200 ~300 0.4
Alloying Sn 7.29 Sn + 4.4 Li & LissSn 994 260 0.6

Ge 5.32 Ge + 4.4 Li & LissGe 1600 370 0.4

Table 2 Crystal structure, space group, unit cell volume of Li-Si compounds.

Compound and crystal Unit cell volume )
Space group Volume per Si atom /A3

structure 1A3

Si, cubic Fd3m 160.2 20.0

Li1,Si7, orthorhombic Pnma 243.6 58.0

Li14Se, orthorhombic R3m 308.9 51.5

Li13Sis, orthorhombic Pbam 538.4 67.3

Li2.Sis, cubic F23 659.2 82.4
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Table 3 Comparison of processes, morphologies, production costs and advantages/

disadvantages between different fabrication methods of nanosilicon. (Reprinted with

permission from [38,86], Copyright 2013 Elsevier, 2011 ACS).

Methods Process Morphologies Production; Advantages/
costs of raw disadvantages
materials

BM Particle ~4 kg h't; High yield,

[60,61] ~$ 1 kgt of M-Si scalable, cheap/
~$ 0.6 kg of F-Si large particles

CVvD Particle, NW/NT  0.75 mg h'; Controllable,

[35,38,39,47] and thin film ~$ 100 kgt of SiHs  diverse

/expensive, low
yield, dangerous

MACE Porous particle, 0.1-10gh?; Controllable,

[81-83,86] NW, and 3D ~$ 200 of P-Si (2'x  diverse, scalable,

structure 0.5mm wafer), simple/toxic
M-Si

MR Particle, NW, 100-500 mg h%; Controllable,

[65,93,94] NT,NF,and 3D ~$ 2 Kg* of Mg scalable, diverse,

structure cheap, simple/ low

efficiency
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Table 4 Structures and electrochemical properties of representative nanosilicon anodes in

LIBs prepared by four major methods (*CE= Coulombic efficiency).

Electrochemical properties

Method  Structures 1% cycle Cyclic capacity Ref.
BM a-Si/SiO./C 1980 mAh gt with 77% CE* 1230 mAh g after 100 cycles at 0.5 Ag™  [59]
Si NPs 2500 mAh g with 81 % CE 1600 mAh g after 600 cycles at 0.48A/g  [60]
F-Si 2198 mAh g with 72 % CE 1360 mAh g? after 100 cycles at 0.4 Alg  [61]
CVvD Si/C granule 1950 mAh g* with 85% CE ~1500 mAh g after 100 cycles at 1C [66]
a-Si/G 2858 mAh gt 1103 mAh g after 1000 cycles at 14 Alg  [67]
Hollow Si NPs 2725 mAh g with 77 % CE 1420 mAh g after 700 cycles at 0.5 C [64]
Hollow Si NPs 2367 mAh g with 73 % CE 1650 mAh g? after 100 cycles at 0.1 Ag?  [68]
Si NWs 3214 mAh g with 73 % CE ~3500 mAh g after 20 cycles at C/20 [69]
CNF/Si NWs ~2000 mAh gt with 90% CE 1600 mAh g* after 55 cycles at 2.5 Ag™* [70]
Si NWs 1060 mAh g* with 85 % CE 1000 mAh g? after 100 cycles at 0.84 Alg  [71]
Si NTs 3247 mAh g* with 89% CE ~3000 mAh g after 80 cycles at 3Ag™ [72]
DWSINTs ~640 mAh g* with 76 % CE ~570 mAh g* after 6000 cycles at 12C [36]
C/Si/C NTs 2545 mAh g with 61% CE 2200 mAh g after 60 cycles at 0.18A/g [74]
Hollow Si NTs 1970 mAh g* with 75% CE ~1000 mAh g after 400 cycles at 2Ag? [75]
MACE  Porous Si NPs ~900 mAh g* with 75 % CE 1000 mAh/g after 100 cycles at 0.42 Alg  [84]
Porous Si NPs ~2500 mAh g! 1400 mAh g* after 200 cycles at 1A g [85]
Porous Si NWs 3038 mAh g with 90 % CE 2000 mAh g? after 250 cycles at 2A g [87]
Porous Si NWs ~2000 mAh g with ~50% CE 2111 mAh g* after 50 cycles at 0.84 A/lg  [88]
Bulk 3D Si 2410 mAh g with 91 % CE 2289 mAh g? after 70 cyclesat 0.8 Ag?  [90]
Porous bulk Si 2390 mAh g with 94 % CE 2079 mAh g? after 50 cyclesat 0.2 Ag?  [91]
Si sponge ~750 mAh g* with 56 % CE 640 mAh g after 1000 cycles at 1A g* [92]
MR Si sphere 1810 mAh g with 80 % CE 550 mAh g* after 50 cycles at 0.1 A g* [95]
Ag/hollow Si NS 3146 mAh g with 84 % CE 2925 mAh g? after 100 cycles at 0.5 Ag?  [98]
PPy/hollow Si NS 1772 mAh gt with 68 % CE ~ ~2000 mAh g* after 250 cycles at 1A g*  [99]
Hollow Si NS 1850 mAh g* with 52 % CE 1800 mAh g after 200 cycles at 0.36 A/lg  [103]
Porous Si/C NS 1500 mAh g* with 87 % CE 990 mAh g after 1000 cycles at 1A g* [104]
Si NFs 2846 mAh g* with 74 % CE 1214 mAh g* after 100 cycles at 2A g™ [107]
Si NFs 2050 mAh gt with ~73% CE 802 mAh g* after 659 cycles at 0.4 Ag?  [108]
Sand-based Si 3000 mAh gt with ~94 % CE 1024 mAh g after 1000 cycles at 2A g*  [110]
Rice husk-based Si 1615 mAh g* with 84 % CE 1554 mAh g? after 200 cycles at 2A g [113]
Leave-based Si 2590 mAh g* with 87 % CE 1800 mAh g* after 100 cycles at 0.84 Alg  [114]
Reed leave-based Si 2435 mAh g* with 61 % CE 420 mAh g after 4000 cycles at 10 C [115]
Porous Si/SiO; 1782 mAh g* with 64 % CE 873 mAh g* after 1400 cyclesat 1.8 A gt [116]
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Table 5 Structures, Si contents and electrochemical characteristics of representative

nanostructured Si/C composite electrodes.

Structures, Electrochemical performance
Sample  Si content 1%t cycle Cyclic capacities Ref.
Si/C Core/shell, 81 wt%  _1500 mah glwith65% CE  ~1800 mAh g* after 50 cyclesat 0.1 Ag?  [137]
Core/shell, 80 wt% 2734 mAh g with 75 % CE 988 mAh g after 100 cycles at 0.1 A g* [139]
Core/shell, 87 Wt% 1955 mAh g with 78 % CE 1150 mAh g after 500 cycles at 1.2 A g [140]
Porous C, 76 W% 1461 mAh gl with 54 % CE 1018 mAh g™ after 100 cyclesat 0.5 A gl [144]
Porous Si, 32Wt% 1375 mAh gl with83% CE  1053mAhg™ after 100 cycles at 0.05A g [145]
Yolkishell, 71wt% 5833 mah g with 60 % CE ~ ~2000 mAh g™ after 50 cycles at 0.4 A gt [147]
Si/CNT  External Si, / 2049 mAh g with 80 % CE ~2000 mAh gt after 25 cyclesat 0.1 A gt [149]
External Si, / 1954 mAh g 1260 mAh g after 230 cycles at 0.23 C [153]
External Si, 60wt% 3127 mAh g with 61 % CE 2912 mAh g after 100 cycles at 0.2 C [154]
Internal Si, 33 wt% 2100 mAh g with 75 % CE ~800 mAh g after 100 cyclesat 1.7 A gt  [150]
Internal Si, 22 wt% 1671 mAh g with ~60 % CE 1475 mAh g after 20 cyclesat 0.1 A g* [151]
SiI/CNF  Solid, 26 wt% 1550 mAh g* with 81 % CE 726 mAh g* after 40 cycles at 0.05 A g* [161]
Solid, 26 wt% 962 mAh g with 77 % CE 644 mAh g* after 50 cycles at 0.05 A g* [162]
Solid, 30 wt% ~2000 mAh gt with 85 % CE  ~900 mAh g after 30 cycles at 0.05 Ag?  [163]
Core/shell, 22 wt% 997 mAh g* with 65 % CE 603 mAh g* after 300 cycles at 0.5 A g* [166]
Porous, 47 wt% 969 mAh g* with 71 % CE 872 mAh g* after 200 cyclesat 1 A g* [169]
Core/shell, 50 wt% 1305 mAh g* with 87 % CE 750 mAh g after 300 cyclesat 2.75 Agt  [170]
Porous, 50 wt% 1598 mAh g* with 60 % CE 1104 mAh g* after 100 cycle at 0.5 A g™ [171]
Multishell, 38 wt% 1883 mAh g* with 78 % CE 904 mAh g after 100 cyclesat 0.05 Agt  [172]
SilG Paper, 60 wt% ~1900 mAh g with ~65 % CE ~ ~900 mAh g* after 120 cyclesat 1 A g* [174]
Paper, 80 wt% 1866 mAh g* with 60 % CE 1153 mAh g* after 100 cyclesat 0.2 Ag?  [175]
Foam, 67 wt% ~2750 mAh g with 68 % CE 2050 mAh g after 200 cyclesat 0.2 A g [183]
Sheets, 36 wt% ~1000 mAh g with 85 % CE 890 mAh g after 500 cyclesat 2 A g* [185]
Graphene trees, / 1528 mAh g with 56 % CE 1021mAhg* after 150 cycles at 0.15A g* [186]
Paper, 62 wt% 2170 mAh gt with 72 % CE 1390 mAh g after 200 cycles at 2 A g! [187]
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Table 6 Conducting polymers used in Si composites.

Electrical
Polymers Chemical structure Fabrication methods conductivity/  Functions
Scm?
H Polymerization of 2-100 Conducting
PPy /N N pyrrole with FeCls or coating,
[189-192] N \/ (NH4)S,0s as oxidant substrate
{ X 8 Mixture of aniline 10°-6.7 Conducting
PANi Y ) monomer with phytic coating
[193,195] S @n @:Lu acid
Electrochemical ~0.1 Conducting
PEDOT polymerization of coating
[196] EDOT monomer
N
AR Polymerization of 10-103 Conducting
_ m EDOT ina PSS coating, carbon
PEDOT:PSS s aqueous solution source
[197,198] 7

&

505
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Table 7 Structures, preparation methods, Si contents and electrochemical properties of

representative Si/conducting polymer composite electrodes.

Structure Preparation, Electrochemical performance Ref.
Si content 1% cycle Cyclic capacities

Si/PPy NPs In-situ  polymerization, - 568 mAh g after 10 cycles at 0.1 A [189]
50 wt% gt

Si/PPy fiber  In-situ polymerization, 901 mAh g?! with 32 % 611 mAh g?' after 200 cycles at [190]
34 wt% CE 0.3A¢?

PPy/Si fiber Electropolymerization, 3106 mAh gt with 82 % 2826 mAh g after 100 cycles at 0.5 [191]
70 wt% CE C

PPy/SI/CNT  In-situ polymerization, 2815 mAh gt with 78 % 1600 mAh g after 1000 cycles at 3.3  [192]
70 wt% CE Ag?

Si/PANi NPs  In-situ polymerization, ~1250 mAh g with 72 % 550 mAh g* after 5000 cycles at 6 [193]
75 wt% CE Ag?

Si/PANI/SPA  Chemical 2205 mAh gt with 70 % 950 mAh g after 1000 cycles at 1.2  [194]
polymerization, 70 wt%  CE Ag?

SI/PEDOT Electropolymerization, 3445 mAh g* with 89 % 2510 mAh g* after 100 cycles at [196]
90 wt% CE 0.84 Ag?

Si/ Chemical 936 mAh g with 85.4 % 664 mAh g* after 20 cyclesat 0.1 A [197]

PEDOT:PSS  polymerization, 51 wt% CE gt

Si/PEDOT: Gelation and filtration, 2180 mAh gt with 77 % 1802 mAh g! after 100 cycles at [198]

PSS/CNT 57 wt% CE C/10
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Table 8 Structures, Si contents and electrochemical characteristics of Si/metal (oxides)

composite electrodes.

Si Electrochemical properties
Structure Ref.
content 1%t cycle Cyclic capacities

Ag/porous Si 92 wt% 2917 mAh g* with 81% CE 2391 mAh g* after 100 cycles at 0.2 C [199]
Ag/Si NPs 97 wt% 1550 mAh g with 80 % CE 1320 mAh g after 100 cycles at 0.2 C [200]
Si/Fe;05/C 65 wt% 1911 mAh g with 67 % CE 1980 mAh gt after 220 cycles at 0.75 A gt [202]
Sn0O,/Si NWs / 1.67 mAh cm2 with 78 % CE 1.38 mAh/cm? after 50 cycles at 0.38 mA/cm?  [203]
C0304/Si NPs 60 wt% 1104 mAh g with 42 % CE 850 mAh g after 100 cycles at 0.1 A gt [204]
LTO/Si NPs 76 wt% 1032 mAh g with 78 % CE ~650 mAh g after 1000 cycles at 1C [205]
Sn/Si NWs 89wt% 90 % CE 1046 mAh g* after 100 cycles at 0.1 C [206]
Si/Ge NWs 25wt% 1255 mAh g with 68 % CE 1459 mAh gt after 100 cycles at 0.2 C [207]
Si/CNT/BaTiO; 49 wt% 2204 mAh g with 86 % CE 1388 mAh gt after 100 cycles at 1.1 A g* [210]
Si0,/Si NWs / 2117 mAh g with 92 % CE 1757 mAh gt after 50 cycles at 0.2 C [211]
SiO./Si NPs 50 wt% 1914 mAh g with 66 % CE 1500 mAh gt after 100 cycles at 0.2 A g* [212]
SiOC/Si NPs 84 wt% 2093 mAh g with 72 % CE 1925 mAh gt after 200 cycles at 0.1 A g* [213]
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Table 9 In-situ characterization techniques for studying Si-based electrodes. (Reprinted with
permission from [234,269], Copyright 2014 ACS, 2015 Nature).

In-situ techniques

Set-up

Applications Ref.

In-situ TEM

In-situ AFM

In-situ SEM

In-situ XRD

In-situ NMR

Electron Beam

Response
signal

Ay Electrolyte

Si electrode k
Counter electrode J

X-y scanner

Electron

v beam

Pt Liquid electrolyte

ps &separator

Li cathode

Si anode

Si/C

l Electrolyte/separator
Li metal +

NMR spectrometer
transmitter/receiver
L =
cycler

NMR magnet

) _Si.NWs-Tééé N

Lithiation mechanisms, [224-228,233—
reaction kinetics, effects =~ 237,239-244]
of coatings and

mechanical properties of

lithiated Si

Formation and evolution
of SEI layers, volume
expansion of Si electrodes

[256-261]

Volume expansion of Si
electrodes in real batteries
for multiple cycles

[262,263]

Phase evolution of Si
electrodes for multiple
cycles

[264-266]

Reaction Kinetics and
structural evolution in real
batteries for multiple
cycles

[268-270]
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