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Glossary

Li-ion battery

Electric vehicle

PHEV

Nanowire

CVD
HEMM
Coulombic efficiency

Specific capacity
Specific energy
Energy density

A family of rechargeable batteries in which lithium ions
move from the negative electrode to the positive electrode
during discharge, and back to the anode when charging.
Vehicle propelled by an electric motor (or motors)
powered by rechargeable battery packs.

Plug-in hybrid electrical vehicle. This is a hybrid vehicle
with rechargeable batteries that can be restored to full
charge by connecting a plug to an external electric power
source.

A nanowire is a nanostructure, with the diameter of the
order of a nanometer and aspect ratio greater than 10:1.
Chemical vapor deposition.

High-energy mechanical milling.

The efficiency with which charge (electrons) is transferred
in a system facilitating an electrochemical reaction.
Capacity per unit weight of a battery (Ah/kg or mAh/g).
Energy per unit weight of a battery (Wh/kg).

Energy per unit volume of a battery (Wh/1).
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Definition of the Subject

Silicon is environmentally benign and ubiquitous. Because of its high specific
capacity, it is considered one of the most promising candidates to replace
the conventional graphite negative electrode used in today’s Li-ion batteries. The
theoretical specific capacity of silicon is 4,212 mAh/g (Li,,Sis) [1], which is 10
times greater than the specific capacity of graphite (LiCg, 372 mAh/g). However,
the high specific capacity of silicon is associated with large volume changes (more
than 300%) when alloyed with lithium. These extreme volume changes can cause
severe cracking and disintegration of the electrode and lead to significant capacity
loss. Significant scientific research has been conducted to circumvent the deterioration
of silicon-based anode materials during cycling. Various strategies, such as reduction of
particle size, generation of active/inactive composites, fabrication of silicon-based thin
films, use of alternative binders, and the synthesis of one-dimensional silicon
nanostructures, have been implemented by a number of research groups. Fundamental
mechanistic research also has been performed to better understand the electrochemical
lithiation and delithiation processes during cycling in terms of crystal structure, phase
transitions, morphological changes, and reaction kinetics. Although efforts to date have
not attained a commercially viable silicon anode, further development is expected to
produce anodes with three to five times the capacity of graphite. In this entry, an overview
of research on silicon-based anodes used for lithium-ion battery applications is presented.
The overview covers electrochemical alloying of the silicon with lithium, mechanisms
responsible for capacity fade, and methodologies adapted to overcome capacity degra-
dation observed during cycling. The recent development of silicon nanowires and
nanoparticles with significantly improved electrochemical performance also is discussed
relative to the mechanistic understanding. Finally, future directions on the development
of silicon-based anodes are considered.

Introduction

Energy-storage technologies, particularly lithium-ion batteries, have been a focal
point for development of advanced, fuel-efficient vehicles, especially plug-in
hybrid electric vehicles (PHEVs). Although significant progress has been made
during the last 20 years in various battery systems, existing systems do not satisfy
all of the energy-storage needs for PHEV applications. More improvements are
required with respect to energy density, power density, cycle life, safety, and cost.
Commercial lithium-ion batteries primarily use graphite-based anodes, which have
a theoretical specific capacity of 372 mAh/g (LiCg). Continuous efforts have been
made to find alternative anode materials, such as elemental metals, to replace
graphite-based anodes since the early 1960s [2], when Dey first reported that
lithium could be electrochemically alloyed with a number of metals at room
temperature. Many elements such as aluminum (Al), silicon (Si), tin (Sn), antimony
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Table 15.1 Specific capacities and molar volume changes exhibited by different candidate
elements during cycling [5]

Elements C Al Si Sn Bi

Lithiated phase LiCg LigAls Liy; Sis Li;; Sny LizBi
Theoretical specific capacity (Ah/kg) 372 2235 4012 959 385
Theoretical volumetric capacity (Ah/l) 833 6035 9340 7000 3773
Molar volume change (%) 12 238 297 257 115

(Sb), bismuth (Bi), magnesium (Mg), and zinc (Zn) are known to react with lithium
to form alloys (see Eq. 15.1) by undergoing partially reversible electrochemical
reactions that result in high specific and volumetric capacities.

LixM « xLit +xe” +M (15.1)

Among possible alternative alloying elements, silicon is the most attractive and
widely investigated [3, 4] because of its high gravimetric and volumetric capacities
and abundance in the natural environment. Silicon in the fully lithiated form of
Li4 4Si provides a theoretical specific capacity of 4,212 mAh/g which is 10 times
more than the capacity of graphite. The specific capacities and volume changes of
the different electrochemically active elements are shown in Table 15.1.

Although the silicon-based anode has great potential, the alloying and subsequent
de-alloying reactions during lithium insertion and lithium de-insertion result in
severe crystallographic volume changes (~300% for silicon as shown in Table 15.1)
because of various phase transitions. The mechanical strain generated during these
phase transformations leads to cracking and disintegration of the electrode that, in
turn, leads to failure of the anode after only a few cycles from loss of electrical
contact between particles and the current collector. More details on the electrochem-
ical alloying/de-alloying processes between lithium and silicon and the related failure
mechanisms are discussed below. To prevent confusion, the following conventions
are used in this chapter: discharge of silicon means lithium is inserted into silicon
(lithiation or alloying of lithium with silicon); charge of silicon means lithium is
de-inserted from silicon (delithiation or de-alloying of silicon).

Electrochemical Alloys of Lithium with Silicon

Studies of electrochemical alloys of lithium and silicon began with elemental
lithium electrodes in high-temperature lithium/metal-sulfide secondary batteries
[1, 6-8]. Lithium-silicon alloys with different stoichiometry were reported during
the electrochemical lithiation of silicon at elevated temperatures (~400-500°C).
The formation of Lij,Si;, Lij4Sie, Lij3Siy, and Liy,Sis alloys was identified
at distinct voltage plateaus according to each two-phase region, which follows
the equilibrium lithium-silicon phase diagram as shown in Fig. 15.1. However,
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the electrochemical alloying process of lithium with silicon at room temperature was
not readily understood because only one voltage plateau was observed for the silicon
anode cycled between 0.0 V and ~1.2 V. Additionally, only ~3,500 mAh/g of
capacity was obtained during the first discharge of a silicon anode at room tempera-
ture. Very few reports describing fundamental research on room-temperature elec-
trochemical lithiation and delithiation of the silicon anode were published prior to
the year 2000. Between 2000 and 2003, several groups observed that crystalline
silicon undergoes electrochemical solid-state amorphization upon reacting
with lithium at room temperature to form a metastable, lithium-silicon-based,
amorphous phase where crystallization of the equilibrium intermetallic phases is
kinetically suppressed [9—12]. The thermodynamically favored, high-temperature
intermetallics do not easily crystallize at room temperature because of the sluggish
kinetics.

Figure 15.2 shows the typical cycling performance of a pure crystalline silicon
anode [13]. This sample has a discharge capacity of ~3,260 mAh/g, and a charge
capacity of 1,170 mAh/g, which gives an irreversible loss of ~64%. Such a large
irreversible capacity loss in the first cycle is commonly observed for silicon-based
anodes when discharged to near-zero potential. The coexistence of an amorphous
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lithium-silicon phase with the unreacted crystalline silicon leads to a single voltage
plateau that is long and flat. This finding is consistent with results reported by several
researchers who observed similar single, long, flat plateaus at ~0.1 V during electro-
chemical lithiation of crystalline silicon [3, 7, 9]. Though contrary to the equilibrium
lithium-silicon phase diagram that shows multiple lithium-silicon phases [10, 14, 15],
both ex situ and in situ X-ray diffraction (XRD) studies revealed a decrease and
disappearance of the crystalline silicon peaks during the first lithium insertion, while
no peaks corresponding to the equilibrium lithium-silicon phases were detected
[10, 14, 15]. High-resolution transmission electron microscopy (HR-TEM) results
confirmed that the lithiated silicon is formed primarily as an amorphous phase [10].
A change in the slope of the cell potential profile has been observed toward the end of
the first discharge if the silicon anode is lithiated at an extremely low rate (~C/100),
indicating formation of a new lithium-silicon phase. Obrovac and Christensen first
reported the formation of a new crystalline phase when the highly lithiated amor-
phous silicon was electrochemically driven to ~50 mV versus Li/Li*. Using XRD
analysis, this new phase was identified as Li;sSi4 [15]. Dahn et al. also confirmed the
formation of Li;5Si4 in both crystalline and amorphous silicon thin-film anodes when
discharged below ~50 mV using in situ XRD analysis [14, 16]. Therefore, rather than
forming the equilibrium Li,,Sis phase, Li;sSiy is the terminal phase that is achieved
when the silicon anode is discharged to near-zero potential at ambient temperature. This
phase renders a theoretical capacity of 3,579 mAh/g, a value that is in good agreement
with most published reports on the silicon anode. It is worth noting that the formation of
the Li;5Si,4 phase is observed only when the silicon anode is discharged at an extremely
low rate (C/100). When the electrode is cycled at a moderate current rate (~C/10), the
change of slope toward the end of the discharge is not observed. This characteristic
provides further evidence of kinetically suppressed crystallization of lithium-silicon
phases at low temperatures [17, 18].

Upon charge, the Li;sSi4 phase delithiates to form an amorphous Li,Si phase.
The coexistence of these phases leads to a narrow potential window between
~0.3 V and 0.4 V, as shown in Fig. 15.2, which corresponds to the potential
range of the de-alloying reaction. The in situ XRD study of the charge process
and the XRD results from the chemical delithiation of the Li;,Si; phase have
confirmed that the lithiated silicon becomes amorphous after charging [14, 15].
During the first discharge/charge process of the silicon-based anode, it is important
to note that the formation of the Li;sSi4 phase occurs only when the potential is
driven below ~50 mV. Control of the cycling voltage above this value will bypass
the formation of the Li;5Si4 phase, leading to a different potential profile. For
example, Obrovac [15] showed that a cell discharged to 0 V showed a change of
slope at the end of the first discharge and a two-phase region during charging, both
of which can be attributed to the formation of Li;5Si4 phase. These two features are
not present in the voltage profile of the cell cycled above 50 mV.

Amorphous silicon demonstrates different features than those of crystalline
silicon when subjected to lithiation at room temperature. Studies on an amorphous
silicon thin-film anode prepared by magnetron sputtering and an amorphous silicon
anode obtained through chemical delithiation of Li;,Si; phase show two distinctive,
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slightly sloping plateaus during the first discharge. These plateaus correspond to the
two peaks observed in the dQ/dV curves [12, 15, 16]. The first peak is observed at
~0.2 V, which is about 0.1 V higher than the starting potential of lithiation
observed in crystalline silicon. The second sloping plateau appears at ~0.1 V.
The formation of the Li;sSi4 phase also was identified in the amorphous silicon
anode at a voltage ~30 mV. However, Dahn et al. reported that the crystalline phase
only forms when the amorphous silicon thin films have a thickness greater than
2 pm. During the first lithiation, the amorphous silicon thin film that was cycled at
a very low rate of C/48 exhibited a flat plateau at ~0.4 V, which may correspond to
the conversion of the crystalline Li;sSiy; phase to the amorphous Li,Si.
In comparison, the amorphous silicon thin-film anode cycled at a higher rate
generally produced two broad humps at 0.3 V and 0.5 V, respectively. The phase
formation of amorphous silicon during the first discharge/charge is not entirely
understood. It generally is believed that the different peaks measured on the dQ/dV
curves are related to the transition between different amorphous Li,Si phases [17].
Because of the solid-state amorphorization discussed above, the voltage profile of
the crystalline silicon anode and amorphous silicon anode exhibit similar features
after the first charge/discharge cycle. The potential window in which silicon anodes
operate is low enough to be useful in high-energy-density Li-ion batteries; however,
Fig. 15.2 also reveals a large irreversible loss and rapid capacity fade during the
lithium alloying/de-alloying process with silicon. These two problems have been
reported by many researchers and are discussed in more detail below.

Failure Mechanisms of Bulk Silicon Anodes

The main challenge with the bulk silicon anode is the poor cycling stability as
shown in Fig. 15.2. The reversible capacity decreases to less than 500 mAh/g by the
fifth cycle. Several observations can be made concerning the rapid capacity fade
from the charge/discharge profile. First, the irreversible loss is observed in every
cycle, in contrast to conventional graphite anodes, where the irreversible losses
cease after the initial one to two cycles. Second, although capacity fade occurs with
every charge (i.e., de-alloying) cycle, upon re-discharging (alloying), the capacity
recovers to approximately the same value measured in the previous charge cycle.
This observation suggests that the degradation of the silicon anode is much more
severe in the de-alloying cycle than in the alloying cycle.

There is strong evidence that failure of the silicon anode is caused by massive
volume variations during lithiation and delithiation of the lithium-silicon alloys
because the intermetallics formed have greater molar volume than the parent
pure silicon phase. For example, Li,Sis has a ~300% volume expansion
over pure silicon, which causes substantial internal stress during lithiation or
alloying. The fully lithiated phase of Li;sSi4 exhibits a capacity of 3,579 mAh/g
and has a density of 1.179 g/cm® calculated from XRD data, which represents
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Fig. 15.3 (a) In situ AFM image showing the cracks of a silicon thin-film anode during cycling.
(Reprinted with permission from Beaulieu et al. [20]. Copyright 2001 The Electrochemical
Society) (b) SEM morphology of a 250-nm silicon thin film after 30 charges at a C/2.5 rate.
(Reprinted with permission from Maranchi et al. [12]. Copyright 2003 The Electrochemical
Society)

a volume expansion of 280% [19]. The amorphous Li,Si alloy formed during
discharging progressively undergoes volume expansion until formation of a final
Li;5Si4 intermetallic, which has nearly three times the volume per atom than
the parent silicon. During the subsequent delithiation (de-alloying) process, the
volume then contracts as lithium is extracted from the lithium-silicon intermetallic
and amorphous phases [17, 20]. Crack formation and disintegration caused by the
repetitive volume expansion and contraction are evident from the in situ atomic
force microscopy (AFM) and scanning electron microscopy (SEM) images shown
in Fig. 15.3 [12, 20]. The repeated volume expansion/contraction results in
mechanical cracking and disintegration of the electrode, loss of electronic contact
between active materials, and between active materials and current collector, thus
rapid capacity fading.

A galvanostatic intermittent titration (GITT) study of the silicon anode shed
more light on the poor cycling stability of the bulk silicon anode by measuring the
variation in internal resistance during charge/discharge cycling [13]. In that study,
a current of 100 mA/g was applied for 10 min, and then turned off for 20 min.
A closed-circuit voltage (CCV) was measured while the current was on. A quasi-
open-circuit voltage (QOCV) was obtained while the current was off. The internal
resistance was then calculated from the difference between QOCV and CCV for
each voltage transient. Figure 15.4 shows that, upon discharge, the internal resis-
tance decreases, which is attributed to better electronic contact between the silicon
particles resulting from the volume expansion during formation of Li,Si alloys. One
also could argue that the Li,Si alloys have a slightly higher electronic conductivity
than the pure silicon [19]. A drop in the internal resistance is observed below 0.3 V,
which suggests that the alloying process primarily occurs below that voltage.
During charge, the internal resistance increases because of increased contact resis-
tance resulting from contraction of silicon particles/grains. Loss of electrical
contact between particles leaves lithium ions trapped inside the anode (incomplete
de-alloying) as the charge cycle is prematurely terminated when the electrode
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Fig. 15.4 Variation of internal resistance in a silicon anode (Reprinted with permission from Ryu
et al. [13]. Copyright 2004 The Electrochemical Society)

potential exceeds the cycling potential window. Upon charge, an abrupt increase in
internal resistance is seen above 0.4 V, which suggests that the de-alloying reaction
occurs primarily above that voltage. These results confirm that failure of silicon
anodes is caused by breakdown of the electronically conductive network resulting
from the large volume changes and cracking of the native anode structures.

Strategies to Improve the Cycle Life of Silicon-Based Anodes

In recent years, tremendous research efforts have been made to improve the electro-
chemical performance of silicon-based materials. One strategy is to create a fine
composite microstructure comprising an active lithium alloy phase uniformly dis-
persed in an inert host matrix, such as silicon/carbon, Si/TiB,, or Si/TiN composite
materials [22, 23]. Composites of silicon and carbonaceous materials have been
reported to have enhanced cycle life. These can be made by chemical vapor deposi-
tion (CVD), pyrolysis of silicon-containing organic compounds, or by mechano-
chemical methods. The carbon increases the electrical conduction and also may
accommodate the volume change of silicon and buffer the mechanical stress,
thereby improving the cycle life. Another strategy is to develop various nanoscale
silicon or silicon/carbon architectures, including one-dimensional nanowires, two-
dimensional thin films, and three-dimensional composite architectures. This section
will provide a brief review of various approaches used to improve the capacity and
cycling stability of silicon-based anodes [24-26].
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Active/Inactive Nanocomposites

Although nanostructured materials are known to exhibit superplastic behavior, it is
difficult to envisage that even nanostructured silicon would survive mechanical
degradation (cracking) after long-term cycling because of the large volume
expansion/contraction. A concept that has been developed to capitalize on the
attributes of nanostructured materials is the generation of electrochemically
active/inactive composites [4, 27-29] in which the material reactive to lithium
(termed as “active”) is dispersed within materials that are nonreactive or less
reactive to lithium (termed “inactive”). To generate a successful nanocomposite,
both the active and inactive components need to be carefully selected to satisfy the
requirement of low irreversible loss (20—30%), high capacity (>500 mAh/g), and
good cyclability (~0.01% loss/cycle). Large volume changes are expected during
the lithiation of silicon; therefore, the selection of matrix materials is of paramount
importance to maintain the structural integrity.

The inactive components acting as the matrix usually consist of soft and ductile
materials that play a very important role as “buffers” to alleviate the mechanical
stresses arising from the large volumetric change of the active components. Increas-
ing the inactive components in the electrode also was reported to suppress the
aggregation of the active components upon cycling [30]. In this regard, inactive
matrix components act as a skeleton or a network to form a microstructure that not
only accommodates the volume changes, but also provides reaction sites for the
active elements. Matrix materials also must exhibit good electronic and lithium-ion
conductivity. Furthermore, the inactive matrix elements should be lightweight so
that high gravimetric capacity can be achieved. Finally, the matrix materials should
be inert to the active components because any reaction between matrix materials
and active components will greatly reduce the useable capacity. The ratio between
the active and inactive components is important to achieve the desirable cyclability
and capacity. Previous reports show TiO, and ZrO, nanoparticles exhibit super-
plastic deformation [31], suggesting that other nanometer-size particles/phases may
behave similarly and function as matrix components that accommodate structural
changes upon cycling.

A schematic model of the “active/inactive” nanocomposite is shown in Fig. 15.5
[32]. Fuji Photo Film Celltec Company reported a tin-based amorphous composite
oxide (TCO) [33] in 1997, which is the first demonstration of the “active/inactive”
nanocomposite concept. In their results, the tin compound is the only active
component reacting with lithium. The volume expansion of tin during cycling is
reduced by the presence of other electrochemically inert oxide components includ-
ing B,03, P,Os, and Al,O3, which leads to good reversibility at a specific capacity
of 800 mAh/g. The limitation of TCO is the large irreversible loss of >50%
resulting from the electrochemical reaction depicted below.

SnO; + 8.4Li — Lis4Sn + 2Li,O (15.2)
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The Li,O formed in situ helps to bond the Liy 4Sn species but does cause a large
irreversible loss of Li. Efforts have subsequently been made to synthesize
composites containing the pure active phase (such as tin) in the electrochemically
inactive phase, thus eliminating or minimizing the irreversible loss. Over the years,
many different combinations of active and inactive systems have been investigated
using two general approaches: (1) in situ nanocomposites and (2) ex situ
nanocomposites. In the in situ approach, alloys or compounds such as Mg,Si and
SiAg are used as starting materials, and upon lithium insertion, the active phases
(lithium-silicon alloys) are formed in situ with the less active phases or compounds
[34, 35]. XRD and atomic emission spectroscopy (AES) studies showed that the
lithium-silicon and lithium-magnesium alloys were formed during the first insertion
[35]. The in situ approach relies on phase instability of the parent phases Mg,Si and
SiAg upon lithium insertion. Because magnesium and silver are high-density
elements with large atomic masses, the net specific capacity that can be attained
is only moderate. The availability of suitable compounds and the ability to synthe-
size such nanocomposites in the case of silicon also are very limited.

Like SnO,, SiO was also investigated as a lithium-ion battery anode through the
reduction of SiO in the first-discharge process to form, in situ, a silicon active phase
and the compound Li,O as the matrix, possibly according to the following reaction.

5Si0 + 6Li — 4Si + LiyO + LigSiO4 (15.3)

Electrodes produced using this approach typically deliver a capacity of
~600 mAh/g with stable cycling, and could become an effective and low-cost
route for preparing silicon-based anodes.

The ex situ approach relies on generation of active and inactive phases that are
known to be thermodynamically stable. Thus, the lithium-ion reactions are confined
to the active elements while the inactive phase(s) act as buffering agents to prevent
electrode cracking/crumbling. The ex situ approach typically uses mechanical
milling to form nanocomposites through mechanical alloying. The ex situ approach
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is attractive because of the ease of sample preparation and the lack of chemical
reactions between active and matrix components, even upon cycling. A number of
systems studied as inactive materials have demonstrated limited improvements in
the performance of the silicon anode [5]. Hard materials such as SiC have been used
as the inactive material to curtail volume expansion during cycling. Kim et al.
successfully achieved stable reversible capacities up to ~600 mAh/g by ex situ
generation of amorphous silicon particles embedded within nanocrystalline matrices
of SiC, TiN, TiB,, and C [36-38].

Both inactive and active forms of carbon have been investigated as possible host
matrices with finely divided silicon [36-38]. As with the inactive phases, active
matrices must accommodate the volume changes in silicon and provide good
mechanical strength and facile transport for both electrons and lithium ions.
Of the various materials investigated in this approach, graphite is a good candidate
as an active matrix material because of its good electronic conductivity and
lubrication characteristics. In recent years, active/inactive and active/active sili-
con/carbon composites have attracted considerable interest and the electrochemical
performance reported appears quite promising. The graphite matrix acts as a buffer
to accommodate the large volume expansions of silicon while the silicon
contributes to the overall capacity because of its large gravimetric and volumetric
capacity. Various synthesis methods have been reported to prepare silicon/carbon
composites and nanocomposites, ranging from high-energy mechanical milling
(HEMM), pyrolysis, and physical mixing. The raw materials used include
a variety of phases, such as crystalline and amorphous silicon, graphite, disordered
carbon, mesoporous carbon, carbon nanotubes, and fullerenes. The following
sections provide more detail on the various approaches used to produce silicon/
carbon electrodes.

Silicon/Carbon Composites Prepared through Ball Milling

Mechanical milling can readily generate alloy systems with desirable compositions,
structures, and particle sizes; therefore, HEMM has become a common approach
for the synthesis of silicon/carbon composites. Results from different starting
carbon materials such as graphite and disordered carbon [39] show a high first
discharge and charge capacity (~800-1,400 mAh/g). However, the cycling stability
is not as good as silicon/carbon composites derived from thermal pyrolysis of
silicon-containing polymers. Gross et al. [40] reported a first-lithiation capacity
of ~800 mAh/g with a fading rate of ~1.25% for a composite made by 15-min
mechanical milling of graphite and a pre-milled silicon powder. The poor capacity
retention is likely caused by the large silicon particles (>1 pum) in the composite.
These particles disintegrate because of volume changes during lithium alloying and
de-alloying processes, as discussed above. This hypothesis suggests that extended
milling may improve the cycling stability by decreasing the silicon particle size and
homogeneously distributing silicon particles in the graphite matrix. However,
extended milling leads to formation of electrochemically inactive SiC because of



482 J.-G. Zhang et al.

mechanochemical reactions between silicon and carbon [37]. In addition to the
formation of SiC, amorphization of graphite during prolonged milling also prevents
stable high-capacity cycling of the silicon/carbon composite. Several polymer
additives have been identified that serve as effective diffusion barriers to circum-
vent the formation of SiC and preserve the graphite structure during prolonged
milling. Kim et al. [41] reported nanocomposites of silicon/carbon with a capacity
as high as ~850 mAh/g and reasonable capacity retention (~1.1% loss/cycle).
These nanocomposites were synthesized from silicon and polystyrene (PA resin)
using HEMM. Datta et al. [22] recently reported methods to stabilize a composite
using silicon, graphite, and polyacrylonitrile-based disordered carbon through
HEMM, followed by subsequent heat treatment.

Si/C Composites Prepared Through High-Temperature Pyrolysis
and CVDProcesses

In addition to the selection of appropriate starting materials to form active/inactive or
active/active composites, the synthesis method must be carefully chosen to generate
materials with desired properties. Recently, several novel methods including CVD,
physical vapor deposition (PVD), and templated growth have been developed to
generate nanoscale and nanostructured silicon-based materials. Control of structure,
particle size, and composition of silicon/carbon composites using CVD or pyrolysis
reactions is difficult. In addition, maintaining a homogeneous distribution of silicon
throughout the sample, which is a critical attribute for good cycling performance, is
particularly challenging. In general, the chosen method should synthesize composites
containing discrete phases without any chemical interaction to prevent loss of the
active component and minimizing subsequent loss of electrochemical capacity.

Decomposition of organic precursors is one of the most common approaches
investigated. Dahn et al. [42] systematically studied the pyrolysis of different
silicon-containing polymers during the mid-1990s. More recent results include
thermal pyrolysis of polyvinyl chloride dispersed with nanosized silicon and fine
graphite particles to achieve a reversible capacity of ~700 mAh/g as reported by
Yang et al. [43]. The same group also reported similar results from pyrolysis of
pitch embedded with graphite and silicon powders [43]. However, silicon/carbon
composites synthesized by pyrolysis of silicon-containing polymers suffer from
a large irreversible loss (~50-60%) in the first cycle mainly because of the presence
of disordered carbon and sulfur/oxygen/hydrogen impurities generated during high-
temperature decomposition.

Another high-temperature approach for generating silicon/carbon composites is
to deposit silicon particles on carbon or vice versa using CVD. Xie et al. [44]
reported the deposition of silicon on mesocarbon microbeads (MCMB) by CVD of
silane at 450°C and 500°C, but only a very small amount of silicon actually
deposited on the MCMB. The material also demonstrated a very high (55%)
irreversible loss. Vacuum deposition of nanometer-sized silicon particles on graph-
ite surfaces has also been reported [45, 46]. The as-prepared anode showed an
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irreversible capacity loss of 26% with a capacity fade rate of less than 1% over 100
cycles. This cycling performance probably is one of the best reported for a silicon/
carbon composite, and is attributed to the nanoscale silicon particle size (~50 nm)
and strong adhesion of the silicon particles with the graphite matrix. In an attempt to
reduce irreversible loss, carbon also has been deposited on pure silicon powders
[47, 48]. However, the electrochemical performance of these materials was inferior
to the silicon/carbon composite generated by depositing silicon on the carbon
surface.

Silicon/Carbon Nanotube Composites

Recently, carbon nanotubes (CNTs) also were investigated as candidate matrix
materials. CNTs possess certain unparalleled characteristics that could be valuable
in producing stable silicon/carbon composite anodes. The diameter of single-wall
nanotubes (SWNTSs) is in the range of 1-10 nm, while that of multiwall nanotubes
(MWNTs) is in the range of ~100 nm. CNTs can be several microns in length,
resulting in aspect ratios greater than ~1,000. Their specific surface area (SSA) is
usually greater than 500 m?/g. Strong C=C bonding to three adjacent neighboring
atoms results in excellent mechanical properties in CNTs. The Young’s modulus of
SWNTs is approximately 1 TPa, and the maximum tensile strength is ~30 GPa
[49]. Treacy et al. [50] reported an elastic modulus as high as 1.25 TPa. These
values compare well with the modulus of MWNTs (1.28 TPa) measured by Wong
et al. [51]. High tensile strengths up to ~63 GPa have been reported for MWNTs
[52], which is an order of magnitude higher than that of carbon fibers and stainless
steel (~5 GPa and ~3 GPa, respectively). The unique bonding structure also
enables exceptional flexibility. The theoretical maximum elongation of an SWNT
is almost 20% [53]. CNTs also are highly resistant to damage from external forces.
Application of force to a nanotube typically results in bending, but not permanent
damage. When the force is removed, the tube returns to its original state [54]. With
respect to electrical conductivity, both MWNTs and SWNTs are excellent electrical
conductors. The resistivity of SWNT ropes is approximately 10~* Q-cm at 300 K or
roughly on the same order of magnitude as graphite [55]. MWNTs can carry
extremely high current densities that exceed 107 Acm ™2, while a current density
of 109 Acm 2 has been reported in SWNTs [56, 57]. These values clearly exceed the
electrical property requirement of lithium-ion anodes. All of these attributes suggest
that CNTs would be good candidates for matrix materials. The high-aspect-ratio, one-
dimensional structures can form entangled three-dimensional networks that maintain
electrical contact with silicon particles during cycling. The unusual flexibility and
elongation could further facilitate stability, particularly after the active materials
undergo cracking and disintegration. Finally, the high electrical conductivity and
current density, combined with the low material density, could produce unprecedented
matrix properties.

Although promising, in practice, the high irreversible loss and large voltage
hysteresis during electrochemical cycling greatly limit the use of CNTs as active
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anode materials in lithium-ion batteries. Shu et al. [58] reported the synthesis of
CNT-based silicon/carbon composites by decomposition of acetylene at 800°C
using a nickel-phosphorus catalyst deposited on the silicon particles to seed nano-
tube growth. This silicon/carbon composite anode demonstrated a first cycle dis-
charge capacity of 1,120 mAh/g and an irreversible loss of 20%. Wang et al. [59]
achieved a capacity of ~1,000 mAh/g by homogenously dispersing a pre-milled
silicon/graphite powder into a single-wall carbon nanotube matrix using
ultrasonication. Si et al. [60] reported that the direct mixing of carbon nanofibers
with carbon-coated silicon nanoparticles helped to maintain a stable cycling for the
silicon-based anode. When carbon nanofibers are used as the current collector,
superior overall capacity, cyclability, and rate capability have been demonstrated
[61]. Lee et al. [62] also reported the use of wet ball milling to thoroughly mix
silicon starting materials with different carbon sources, including single-walled and
multiwalled CNTs. Although a high first-discharge capacity of ~2,000 mAh/g was
achieved, rapid capacity fade was observed after 15 cycles [62]. Generally, anodes
generated from simple mixtures of silicon particles and CNTs show poor capacity
retention, but significant improvements were observed when silicon was directly
deposited, using silane-based CVD, onto the CNTs or carbon nanofibers. The
performance improvements were attributed to the formation of strong bonding
layers between the silicon cluster and the CNT surface, which helped facilitate
transport of lithium ions and electrons, in addition to the relaxation of stresses
generated from the repetitive volume changes [18, 63].

Nanoscale Architectures

Several research groups have reported that reduction of the particle size leads to
better accommodation of the strain generated during lithium insertion/de-insertion,
therefore resulting in improved cycling performance. Although this work initiated
with tin-based anode materials, the same strategy soon was applied to silicon-based
systems by Yang et al. [64—66]. Huggins et al. [67] also suggested that decrepitation
leads to a critical particle size more tolerant to mechanical stress. Researchers
have reported superior electrochemical performance of nanoscale, over bulk, sili-
con, and attributed the performance to better strain accommodation in the smaller
particles [68].

Generation of nanosized particles (~1-100 nm) results in a relatively low
number of atoms per grain, less volume change upon cycling, and therefore,
reduced mechanical stresses within the particles. In addition, the large number of
grain boundaries existing in nanosized materials may help stabilize the particles and
also act as channels for lithium insertion and de-insertion [69]. Other advantages
include increased contact area between particles, within the electrode, and between
the electrode and electrolyte, all leading to higher charge/discharge rates.
Nanosized systems also provide a shorter diffusion path for the transport of both
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electrons and lithium ions, which improves performance for materials exhibiting
poor electronic or lithium-ion conductivity. Another possible benefit of nano-
structured materials is the potential to undergo superplastic deformation during
cycling to better accommodate strain generated by large volumetric changes.
Equation 15.4 describes the relationship between applied stress (o), temperature
(T), grain size (d), and the resulting strain rate (¢) [31].

¢ = Ac"dPDy exp(—Q/RT) (15.4)

where A is a constant, n is the stress exponent (n ~ 2), p is the grain size exponent
(p = 2-3), Q is the activation energy, and R is the gas constant. An examination of
Eq. 15.4 reveals that the strain rate for nanocrystalline materials will be several
orders of magnitude higher than that of conventional-sized (i.e., micron-sized)
materials at the same temperature. Therefore, nanostructured materials could pos-
sibly achieve appreciable superplastic strain at room temperature and are more
suitable for use as anode materials. Nanocrystalline materials can be either single-
phase or multiphase materials, which are in the size range of about 1 nm to 100 nm.
Compared to materials containing larger grain sizes, the nanocrystalline materials
generally exhibit improved mechanical hardness, fracture toughness, and ductility
because of the large fraction of the atoms located at surfaces or grain boundaries
[70]. Therefore, using nanocrystalline materials as anodes will enhance not only the
diffusion rates because of higher grain-boundary diffusion, but also the overall
mechanical strength of the anode. Recently, this nanoscale synthesis approach has
expanded into the growth of one-dimensional silicon nanowires and silicon
nanoparticles with demonstrated superior electrochemical cycling performance,
as will be discussed in a later section.

Two-Dimensional Silicon Thin-Film Anodes

Inspired by the improved performance of nanoscale-sized silicon particles over
bulk silicon particles, many groups have tested silicon thin films deposited on
metallic substrates (e.g., copper or nickel), in which the thin-film silicon contains
nanometer-sized silicon features. In general, thin-film silicon anodes can be classi-
fied into nanocrystalline thin-film anodes and amorphous thin-film anodes. Graetz
et al. [71] prepared nanocrystalline silicon thin-film anodes using PVD. These
anodes exhibited specific capacities of approximately 1,100 mAhg ™' with a 50%
capacity retention after 50 cycles. The improved electrochemical performance of
the thin-film anode was linked to good adhesion between deposited silicon particles
and the substrate current collector.

Because of isotropic expansion of the particles/grains, amorphous thin-film
silicon anodes typically perform better than crystalline thin films. Maranchi et al.
[12, 72] demonstrated that 250-nm-thick amorphous silicon thin films deposited by
radio-frequency magnetron sputtering on copper substrates achieved near theoreti-
cal capacity for a limited number of cycles. The authors stated that growth of
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Fig. 15.6 Cross-sectional SEM images of an a-silicon thin-film electrode in the (a) de-lithiated
and (b) lithiated states (Reprinted with permission from Yonezu et al. [77]. Copyright 2004 The
Electrochemical Society)

a lithium-copper-silicon phase at the interface between silicon and copper, and the
incremental plastic strain in the copper substrate upon cycling, resulted in
a reduction of adhesion between the silicon film and the current collector, and
progressive failure of the silicon film. Good electrochemical cycling performance
also has been reported for multicomponent thin films, such as submicron-sized iron/
silicon multilayer films and alternating cobalt/silicon layers [73, 74].

Surface roughness of the substrate can significantly influence the performance
of silicon thin films [75, 76]. Yonezu et al. [77] reported that an amorphous silicon
(a-silicon) film sputtered on a moderately roughened copper foil achieved virtually
100% reversibility with a corresponding capacity greater than 3,000 mAh/g. The
as-deposited a-silicon film (5-pm thick) grew to a thickness of 17 pum during the first
full charge. After the first cycle, the silicon thin film divided into micro-columns.

Figure 15.6a, b show that the micro-columns of lithium-silicon predominantly
expand/contract along the column diameter. This preferential expansion may
directly relate to minimization of surface tension and surface energy in the given
structures. Although these sputtered a-silicon thin films show excellent capacity and
cycle performance, materials prepared by sputtering are not economical for large-
scale, high-volume applications. Another serious limitation is that the practical
electrode thickness attainable using vacuum deposition is not useful for anodes in
large-scale applications such as PHEVs. If silicon nanorods can be prepared, using
scalable synthesis routes, and that retain the high aspect ratio (similar to those
shown in Fig. 15.6), it is reasonable to expect that the lithium-silicon nanorod
would expand/contract preferentially along its diameter and maintain mechanical
integrity during lithium insertion/de-insertion. Anodes with capacities >600 mAh/g
and improved mechanical/structural stability over silicon thin films or bulk powders
would be possible. Such developments could enable the use of silicon nanorod
anodes in large-scale applications such as PHEVs and other commercial
applications.

Another approach involves dispersing silicon nanoparticles with graphene sheets
to form another class of two-dimensional, silicon-based nanostructures in which the
silicon particles are in intimate contact with the graphene. In this method, regions of
graphene restack to form a graphite network that anchors the more flexible
graphene and provides a highly electronically conductive matrix. The highly
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Fig. 15.7 Schematic of Initial substrate After cycling
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dispersed graphene/graphite matrix then buffers the volume expansion/contraction
of silicon particles during repeated alloying and de-alloying with lithium [78, 79].
Specific capacities exceeding 1,500 mAh/g after 200 cycles with a capacity fading
rate of less than 0.5% per cycle have been achieved using this approach.

One-Dimensional Silicon Nanowires

The previous section clearly established that the morphology, size, and structure of
the silicon phase can have a dramatic effect on the ultimate performance and
stability of a silicon-based anode. Figure 15.7 graphically depicts observed mor-
phological changes that occur in thin-film silicon during electrochemical cycling
when different starting morphologies are used. The rod-like microstructures formed
during initial charge processes of silicon films (Fig. 15.6) suggest that one-
dimensional geometries (such as silicon nanowires [SiNWs]) may provide
a stable structure that could be synthesized from a more viable manufacturing
route. In 2008, Chan et al. [80] prepared SiNWs (diameter < 100 nm) using
a CVD method based on the vapor-liquid-solid mechanism using silane gas as the
silicon source, gold as the catalyst with stainless steel substrates. The one-
dimensional SiNWs grown directly on the stainless steel current collector had
a measured capacity of 4,277 mAh/g (based on the weight of silicon) during the
first discharging process; this capacity is essentially the theoretical value for silicon
within the experimental error. In subsequent cycles, the SiNWs maintained
a charge/discharge capacity of 75% of the initial capacity, with little fading during
cycling. The shortened lithium transport distances in the silicon nanostructure and
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Fig. 15.8 Schematic diagram depicting the fabrication of silicon/carbon hybrid nanostructures
using a liquid-injection CVD process to grow the initial vertically aligned CNTs, followed by the
subsequent deposition of silicon (Reprinted with permission from Wang and Kumta [18]. Copy-
right 2010 American Chemical Society)

the low-resistance electrical connection to the current collector also led to an
excellent rate capability (>2,100 mAh/g at 1C). While sufficient for concept
demonstration and material design, the large-scale application of SiNWs grown
directly on a current collector (foil) is still limited by the high production cost of
SiNWs and the small weight ratio of active material to inactive material in the
complete anode (which includes the substrate/current collector).

Several other approaches have been used to grow silicon-based nanowires. For
example, Yu et al. [81] prepared SiNWs on silicon wafers using the solid-liquid-
solid (SLS) mechanism. Kolb et al. [82] prepared silicon-based nanowires by
evaporating silicon monoxide (SiO) in an inert gas atmosphere using a gold-coated
silicon wafer as a substrate. Chang et al. [83] reported growth of silicon-based
nanowires by heat treatment of an iron-catalyst—coated silicon nanopowder at
980°C. However, no electrochemical performances of these silicon-based nanowires
were reported. Recently, Zhang et al. [84] prepared free-standing silicon-based
nanowires from commercial silicon powders in a three-dimensional manner rather
than on the surface of the substrate (i.e., two-dimensional growth). A vapor-induced
SLS mechanism was proposed to explain the observed growth of the resulting
multicomponent nanowires from solid-powder sources. The composition, morphol-
ogy, crystal structure, and electrochemical performance of the nanowires also were
investigated.

In addition to growth of SiNWSs, one-dimensional composite structures prepared
by vacuum deposition of silicon clusters on CNTs also have been investigated.
Hybrid silicon/carbon nanotube one-dimensional nanostructures were synthesized
using a two-step CVD process (see Fig. 15.8) [18]. The spaces between the CNTs,
formed through controlled nucleation in the first deposition step, allow for
subsequent penetration of silane gas and a homogenous deposition of silicon
clusters on the surfaces of the CNTs during the second CVD deposition step. The
hybrid silicon/CNTs exhibit a high reversible capacity of 2,000 mAh/g with
a 0.15% capacity loss per cycle over 25 cycles. When compared with commercially
available silicon particles, in situ prepared silicon by CVD always has a smaller
irreversible capacity loss in the first cycle. This may be related to the reduced
amount of SiO, on the surface of the silicon particles which usually traps lithium in
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Fig. 15.9 Schematic diagram
of the lithium-ion pathway in
silicon nanotubes (Reprinted
with permission from Park

et al. [21]. Copyright 2009
American Chemical Society)

the form of Li,O and silicon in the first cycle. Coating silicon clusters on graphite
nanofibers may also provide promising improvements in the cycling performance
of silicon-based anodes.

Three-Dimensional Nanostructured Silicon Anodes

In addition to one-dimensional and two-dimensional silicon anodes, several forms
of three-dimensional nanostructured silicon have been explored. For example,
silicon nanotubes (Fig. 15.9) were investigated by Cho et al. [21] as an anode
material for lithium-ion batteries. Both interior and exterior surfaces of the
nanotubes are accessible to the electrolyte and lithium ions. Through carbon
coating, a stable solid electrolyte interface (SEI) was generated on the inner and
outer surfaces of the silicon nanotubes. These silicon/carbon assemblies showed
a reversible capacity as high as 3,247 mAh/g (based on the weight of silicon) and
good capacity retention.

Three-dimensional porous silicon was recently investigated as a high-
performance anode material for lithium-ion batteries [85]. The three-dimensional
porous silicon particles with in situ coated carbon on the surface contained many
“octopus foot”-like voids as shown in Fig. 15.10. This highly porous,
interconnected structure not only facilitates the transport of lithium ions but also
significantly alleviates the detrimental effects of volume expansion and shrinkage.
At a 3C rate (1C rate = 2,000 mA/g or 40 mA/cm?), a discharge capacity of
2,158 mAh/g (based on the weight of silicon) with a 72% capacity retention was
obtained after 100 cycles. Earlier reports on nanoporous silicon/carbon composites
showed similar cycling stability [86]. A reversible capacity of 700 mAh/g based on
the total weight of nanoporous silicon/graphite/carbon electrode was obtained with
negligible capacity loss up to 120 cycles. Commercially available micrometer-sized
silicon particles with nanoporous surface structures (Fig. 15.11) have also been
investigated. Stable cycling behavior could be achieved if CVD carbon coatings
were applied to individual silicon particles and an elastic carbon additive was used
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Fig. 15.10 (a), (b), (¢), (d)
SEM images of the three-
dimensional porous c-silicon
particles after etching ([d] is
the cross-sectioned image of
[e]). (e) TEM image of the
cross-sectioned, three-
dimensional porous c-silicon
particle (the inset shows

a selected area diffraction
pattern. (f) Raman spectrum
of three-dimensional porous
c-silicon particles after
etching. I = intensity
(Reproduced with permission
from Kim et al. [85].
Copyright Wiley-VCH
Verlag GmbH & Co. KGaA)

Fig. 15.11 (a) and (b) TEM
images of porous silicon at
different magnifications
before carbon coating. (¢) and
(d) TEM images of silicon at
different magnifications after
carbon coating using CVD [1]
(Reprinted with permission
from Xiao et al. [87].
Copyright 2010 The
Electrochemical Society)
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Fig 15.12 Schematic of silicon/carbon nanocomposite granule formation through hierarchical
bottom-up assembly. (a—c). Annealed carbon-black dendritic particles (a) are coated by silicon
nanoparticles (b) and then assembled into rigid spheres with open interconnected internal channels
during C deposition (¢) (Reprinted with permission from Magasinski et al. [89]. Copyright 2010)

to improve interparticle contact in the anode [87]. Nest-like silicon structures also
are reported to have better electrochemical performance than that of coil-like
silicon nanospheres, probably through a mechanism similar to that used to form
three-dimensional nanostructured silicon [88].

To further improve the mechanical and electrical stability of silicon-based
anodes, a hierarchical bottom-up approach (Fig. 15.12) was successfully utilized
to develop a three-dimensional nanostructured silicon/carbon porous composite
[89]. The existence of pores in the composite granules provides sufficient space
to accommodate silicon expansion during lithium insertion. CVD deposition of
silicon clusters (Fig. 15.12b) avoids formation of SiO,, thus reducing the first cycle,
irreversible capacity. A high specific capacity of ~1,950 mAh/g (C/20 rate) based
on the total weight of the silicon/carbon composite was reported. In addition, the
composite anodes had negligible capacity fade after 100 cycles at 1C rate and
excellent rate capability (870 mAh/g at 8C rate).

Effect of Binder on the Performance of Silicon-Based Anodes

Sodium Carboxylmethylcellulose-Based Binder

Polyvinylidenedifluoride (PVDF) has been used widely as the binder for graphite-
based anodes in lithium-ion batteries. However, silicon-based anodes with a PVDF-
based binder exhibit poor cyclability. Therefore, significant efforts have been made
during the last 10 years to develop new binders that can improve the performance of
silicon-based anodes. Chen et al. [90] first reported that a poly(vinylidene fluoride—
tetrafluoroethylene—propylene)-based elastomeric binder system kept the capacity
of the amorphous SiygSng 4 alloy at around 800 mAh/g for 40 cycles, while the
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PVDF binder only showed ~490 mAh/g at the thirtieth cycle. Considering the fact
that breakage elongation of the new elastomeric binder is much larger than that for
PVDF [91, 92], the elastomeric binder could improve the cycling performance of
a silicon-based alloy electrode.

In recent years, several new materials have been developed as effective binders
for silicon-based anodes. Liu et al. [93] reported that the cycle life of silicon-based
electrodes (either with or without carbon coating) was significantly improved by
using a modified elastomeric binder containing styrene-butadiene-rubber (SBR)
and sodium carboxylmethylcellulose (SCMC). When an SBR-SCMC mixture
binder was used, the anodes with bare silicon and carbon-coated silicon exhibited
a capacity of 600 mAh/g and 1,000 mAh/g, respectively at >50 cycles. In compari-
son, the capacity of a silicon electrode with a PVDF binder quickly decreased to
several mAh/g after eight cycles. This is because the SBR-SCMC binder has
a lower elastic modulus, a larger maximum elongation, better adhesion to the
copper current collector, and much less solvent absorption in organic carbonate
electrolytes. Several other research groups [46, 94-97] also have reported improved
performance on silicon/carbon composite electrodes using an SBR-SCMC mixture
binder over PVDF binder (sometimes combined with SBR [98]). Although a recent
report shows that a thermally annealed PVDF can reconstruct the compact mor-
phology of the electrode, the long-term cycling stability of a silicon electrode using
an annealed PVDF binder is still inferior to that using CMC as the binder [99].
Li et al. [94] showed that the cycling performance of the crystalline silicon-powder
electrode was improved further by using only SCMC as the binder over the
SBR-SCMC mixture binder. Li et al. suggests that the stiff SCMC polymer might
restrict the volume change of the silicon particles to only about 100% and also
might modify the silicon particle surface. Thus, the binding mechanism of SCMC
for a silicon electrode should be different from that of PVDF.

Hochgatterer et al. [100] reported that the improved long-term cycling behavior
in an anode with an SCMC binder can be attributed to the formation of a covalent
chemical bond between the SCMC binder and the silicon particles. SCMC exhibits
a porous scaffold structure with cavities or pores that allow the silicon particles to
expand without severe deformation of the electrode. Therefore, the cycle stability
can be improved. Lestrie et al. [96] suggested that the efficiency of SCMC was
likely attributed to the formation of an efficient conductive silicon/carbon-SCMC
network because of its extended conformation in solution. Moreover, the silicon/
carbon-SCMC electrode prepared at pH 3 showed prolonged cyclability improve-
ment, which probably resulted from the physical cross-linking of the SCMC chains
in the acid solution. Guo and Wang [101] recently reported a polymer scaffold
structure based on an SCMC binder for a silicon electrode. The SCMC scaffold-
based silicon electrode had much higher surface area and total pore volume but
a reduced mean pore diameter than the SCMC-based silicon electrode prepared
using a conventional method. Therefore, silicon nanoparticle electrodes with
a SCMC scaffold binder structure could accommodate greater volume changes
from the silicon, enhance lithium-ion transport in the electrodes, and improve the
electrochemical reaction kinetics. In addition, high energy and power densities and
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superb cycle stability were achieved for porous SCMC, scaffold-based silicon
electrodes. After 150 cycles at a rate of 250 mA/g, the anode capacity remained
at 1,685 mAh/g based on the weight of silicon. The improved rate performance of
silicon is attributed to the SCMC scaffold, which facilitates lithium-ion transport in
the porous electrode and accelerates the charge transfer reaction kinetics [101].

Although the binding mechanism of SCMC in silicon electrodes is unclear, the
significant performance improvements observed drives efforts to optimize SCMC/
silicon-based electrodes. In fact, some researchers believe that the binder plays
a more important role than the nanostructure of the silicon particles on the perfor-
mance of silicon-based anodes. Beattie et al. [102] reported that silicon-based
electrodes with a relatively low silicon content (20-34 wt.%) and a high SCMC
content (33-56 wt.%) had large capacities (660 mAh/g) for hundreds of cycles.
They believed that, if an appropriate binder was used with silicon electrodes, no
special electrode processing or cycling procedures were required to achieve high
capacities with good cyclability.

Other Binders

In addition to SCMC, several other polymeric binders have been developed for
silicon-based anodes in recent years. Zheng et al. [103] reported that a nanoporous
silicon/graphite/carbon composite electrode containing polyacrylic latex LA132
binder (10 wt.%) exhibited a reversible capacity of 650 mAh/g after 200 cycles
with negligible capacity loss. Chen et al. [104] reported a significant cycling-
performance enhancement for silicon/carbon composite electrodes using an acrylic
adhesive (polyacrylic latex, LA132) and a modified acrylic adhesive with SCMC.
The capacity retentions of the silicon/carbon composite electrodes were 79% and
90% after 50 cycles, respectively, while the silicon/carbon composite electrode
with PVDF retained only 67% of its initial capacity. This was ascribed to improved
adhesion between the coating and the copper current collector, as well as reduced
solvent absorption of the electrolyte solvent than with PVDF. Polyamide imide
(PAI) also can significantly improve the initial coulombic efficiency of a silicon-
based anode because of PAI’s excellent mechanical properties and ease of
processing, which maintains the stability of the electrical-conducting network
during charge/discharge processes [105].

Recently, Liu et al. [106] reported on conductive polymers used as both the binder
and the conductive matrix. The electronic conductivity of the reported binder
increases during the lithium-insertion process. Stable cycling above ~1,200 mAh/g
(based on silicon) was reported for the silicon-based anode using these binders. The
cycling stability of silicon improved significantly, especially within the reduced
electrochemical window (0.17-0.9 V) [107]. However, the initial irreversible capac-
ity loss in these anodes still requires further improvement (i.e., reduction) before
these silicon-based anodes can be used in a full cell. Camer et al. [108] reported that
silicon-composite electrodes with very good electrochemical performance could be
prepared by simply mixing appropriate amounts of nanosized silicon and cellulose
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fibers without including conductive carbon and other binders. A silicon/carbon
cellulose composite electrode at a weight ratio of 34:66 exhibited very good cycling
performance. A specific capacity of ~1,400 mAh/g after 50 cycles was obtained,
compared to only 400 mAh/g for an electrode made from pure silicon. Camer et al.
believe that the improved performance resulted from mitigation of the large volume
changes of silicon particles during lithium insertion and de-insertion and the retention
of connectivity between particles by the binder-like fibers.

Effect of Electrolytes on the Performance of Silicon-Based Anodes

The effect of nonaqueous electrolytes and additives on the performance of silicon
electrodes has not been systematically investigated. The electrolytes used in the
investigation of silicon-based electrodes were mainly adopted from electrolytes for
graphite-based lithium-ion batteries (i.e., LiPF¢ in carbonate mixtures of EC and
DMC, ethyl methyl carbonate [EMC] or diethyl carbonate [DEC]). Alternative
electrolytes used in the study of silicon-based anodes include (1) adding SEI
formation additives into the regular electrolytes of LiPFg in carbonates, (2) using
different lithium salts, (3) using different solvent systems, (4) using ionic-liquid-
based electrolytes, (5) using polymer electrolytes, and (6) using solid-state
electrolytes. The effects of these electrolytes on the performance of a silicon-
based electrode are reviewed in this section.

SEI Formation Additives

Formation of the SEI layer plays an important role on the cycling stability of silicon-
based anodes. Kulova and Skundin [109] reported a method used to preform the SEI
layer on an electrode surface (prior to initial cathodic polarization) by direct contact
of silicon and lithium metal in the electrolyte. The electrolyte was 1-M LiClO,
in a mixture of propylene carbonate (PC) and dimethoxyethane. This method
effectively reduced the irreversible capacity of the amorphous silicon electrode.
Pretreatment of nanometer-sized silicon in ethanol also can form functionalized
surfaces on the silicon particles that improve adhesion of silicon-based electrodes.
A stable capacity of 2,500 mAh/g after 25 cycles has been reported for ethanol-
treated silicon electrodes [110].

Several electrolyte additives have been used to form stable SEI layers and
improve cyclability of silicon anodes. Doh et al. [111] used 5% 4-fluoroethylene
carbonate (FEC) in the electrolyte of 1.0-M LiPFg in EC/DMC/EMC/PC at
a volume ratio of 4:3:3:1 when investigating silicon/carbon composites formed by
polyaniline carbonization. They found that the addition of FEC to the electrolyte
increased the initial discharge capacity of the silicon/carbon composites when
compared with the electrolyte without FEC. Choi et al. [112] reported that the
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discharge capacity retention and coulombic efficiency of a silicon thin-film elec-
trode could be significantly improved by adding 3% of FEC into the electrolyte of
1.3-M LiPFg in EC/DEC (3:7 by volume). They used SEM and X-ray photoelectron
spectroscopy (XPS) to investigate the surface morphology and chemical composi-
tion of the SEI layers formed on the surface of the silicon thin-film electrode after
cycling. The SEI layer structure formed in the FEC-containing electrolyte was
much smoother and more stable than those formed in electrolytes that did not
contain the FEC additive. Chen et al. [113] investigated the effect of vinylene
carbonate (VC) as an electrolyte additive on the electrochemical performance of
a silicon thin-film anode. They found that the cycle performance and efficiency of
the silicon thin-film anode were significantly enhanced with the addition of 1% VC
into the electrolyte of 1-M LiPFg in EC/DMC. The capacity of the silicon thin film
shows minimal fade after 500 cycles, which was attributed to the advanced properties
of the SEI layer formed during the initial cycles. Actually, in both VC-containing and
VC-free electrolytes, the major components of the SEI layer on the silicon thin-film
anode were quite similar and primarily consist of lithium salts (e.g., ROCO,Li,
Li,COs3, LiF), polycarbonates, and silicon oxide formed through the reaction of
lithiated silicon with permeated electrolyte. However, the morphology of the SEI
layer was smoother and more uniform in VC-containing electrolytes than in VC-free
electrolytes. The impedance of the SEI layer in VC-containing electrolytes did not
change significantly upon cycling because of the presence of VC-reduced products
and less LiF content in the SEI layer, which led to better properties of the SEI layer.
However, the impedance of the SEI layer in a VC-free electrolyte increased constantly
upon cycling because of the increasing thickness and high LiF content in the SEI layer,
resulting in increased electrode polarization and degradation in the cycling perfor-
mance of the silicon thin-film anode.

Han et al. [114] studied the effect of succinic anhydride (SA) as an electrolyte
additive on the electrochemical performances of a silicon thin-film electrode. They
found that addition of a small amount (3 wt.%) of SA into the electrolyte of 1-M
LiPFg in EC/DEC could significantly enhance the capacity retention and coulombic
efficiency of the silicon electrode. SA also prevented decomposition of the LiPFg
salt, and the SEI layer contained higher levels of hydrocarbon and Li,CO; on the
silicon surface. Modification to the SEI layer by SA was probably the primary
factor for the enhanced performance of the silicon thin-film electrode. Baggetto
et al. [115] used a poly-silicon thin film as the active anode material and cycled
the poly-silicon anodes in one solid and two liquid electrolytes to investigate the
thermodynamic and kinetic properties of the anodes and the growth of SEI layers on
top of poly-silicon anodes. They studied the electrochemical and material
characteristics of a potential planar anode stack (active anode material/barrier
layer/silicon substrate) for all-solid-state, three-dimensional, integrated batteries.
The solid-state electrolyte was amorphous lithium phosphorus oxynitride (LiPON),
and the two liquid electrolytes were 1-M LiPF¢ in EC/DEC and 1-M LiClOy in
PC. The silicon electrodes cycled in the two liquid electrolytes showed stable
storage capacities up to about 30 or 40 cycles, respectively, then the capacities
decreased sharply. When the inorganic solid-state electrolyte LiPON was used
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to overcoat the silicon, no degradation in capacity was observed for 60 cycles.
Cross-sectional SEM analysis revealed thick, porous SEI layer formation in the
case of LiPF¢ and LiClO,4 based electrolytes. The silicon layer was almost invisible,
and it seemed to be “dissolved” within the SEI layer, implying that the active silicon
clusters slowly became electronically isolated resulting in the loss of reversible
capacity. In contrast, the silicon covered by a LiPON layer had no visible SEI layer
formation and improved cycle life over cells that were LiPON-free.

Arie et al. [116] investigated the electrochemical characteristics of phosphorus-
and boron-doped silicon thin-film (n-type and p-type silicon) anodes integrated
with a solid polymer electrolyte in lithium-polymer batteries. The doped silicon
electrodes showed enhanced discharge capacity and coulombic efficiency over the
un-doped silicon electrode, and the phosphorus-doped, n-type silicon electrode
showed the most stable cyclic performance after 40 cycles with a reversible specific
capacity of about 2,500 mAh/g. The improved electrochemical performance of the
doped silicon electrode was mainly due to enhancement of its electrical and
lithium-ion conductivities and stable SEI layer formation on the surface of the
electrode. In the case of the un-doped silicon electrode, an unstable surface layer
formed on the electrode surface, and the interfacial impedance was relatively high,
resulting in high electrode polarization and poor cycling performance.

Alternative Solvents and Salts

Inose et al. [117] studied the influence of glyme-based electrolyte solutions on
charge-discharge properties of two silicon-based anodes prepared from
(1) a silicon/carbon mixture and (2) a mixture of a silicon-SiO,-carbon composite
and carbon (Si-C/C). After glymes of poly(ethylene glycol) dimethyl ethers [(CH;0
(CH,CH,0),,CH3, n =1, 2, 3 and 4)] were added into an electrolyte solution of 1 M
LiPFg in EC and EMC (3:7 by vol), the discharge capacity tended to increase
relative to electrolytes without glyme additions. Carbon coating of the silicon
particles in the Si-C/C electrode improved cycle life when compared to the sili-
con/carbon electrode. Physical breakdown of the electrode was suppressed by the
thin carbon surface layer, and reactivity of electrolyte toward lithium metal also
was reduced. They also found that the discharge capacity of the silicon/carbon
electrode was dependent on the reduction potential of the glymes, while the
discharge capacity of the Si-C/C electrode depended on electrolyte conductivity.
Choi et al. [118] compared the effect of two different lithium salts on the cycling
performance of a 200-nm silicon thin-film electrode. The electrolytes tested were
1.3-M LiPF¢ in EC/DEC (3:7 by vol) and 0.7-M lithium bis(oxalato) borate (LiBOB)
in the same solvent mixture. They found that the LiBOB-based electrolyte markedly
improved the discharge capacity retention of the lithium-silicon half-cell, over the
LiPF¢-based electrolyte. The surface layer on the silicon electrode in the LiBOB-
based electrolyte was less porous and effectively limited the formation of electro-
chemically inactive silicon phases. The capacity fading of the lithium-silicon
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half-cell was strongly related to the physical morphology of the silicon surface and
also to the formation of inactive silicon phases in the surface layer.

Tonic liquids have also been studied as possible electrolytes in silicon-based anode
cells. Lux et al. [119] evaluated the use of N-butyl-N-methylpyrrolidinium bis
(trifluvoromethylsulfonyl)imide (PYRI4TESI) as a solvent for silicon electrodes at
room temperature. The electrolyte contained 0.3-M lithium bis(trifluoromethyl-
sulfonyl)imide (LiN(SO,CF;),, LiTFSI) in PYR14TFESI + 5 wt.% VC. The perfor-
mance of silicon electrodes in PYR14TFSI-based electrolytes was comparable with
that of the same electrodes in more conventional organic solvent-based electrolytes.
The degree of affinity between ionic liquids and active materials was suggested as an
important parameter for the selection and use of ionic liquids in lithium batteries.

Full Cells Containing Silicon-Based Anodes

To fully evaluate the efficacy of silicon-based anodes, testing in a full-cell configu-
ration against a lithium intercalation cathode, such as LiCoO,, is required because
of possible detrimental interactions between the cathode and anode (through
electrolyte as the media), as was discovered in the case of graphite/LiMn,O,.
In addition, the management of volume change in the complete cells is not
a trivial challenge for silicon-based cells where the anode exhibits large volume
variations during cycling. Nonetheless, studies of electrochemical performance for
silicon-anode-based full batteries are rare, possibly because of the poor cycling
performance of these anodes, which remains a hurdle to practical application of the
technology.

Cui et al. [120] reported a full-cell test using a LiCoO, cathode and carbon-
silicon core-shell nanowire anode. This anode has about 10 times the specific
capacity of the cathode and, therefore, a mass loading approximately 10 times
lower than that of the cathode. The full cell operated at ~3.3 V with a sloping
voltage profile and a fast fade of ~0.7% per cycle. The same group also reported
full battery performance of the silicon nanowire anode and sulfur-based cathode
pair [121]. Although the voltage profile of the full-cell test revealed large over-
potentials because of poor electrical conductivity of the Li,S cathode, the specific
energy density of the battery was reported to be approximately four times higher
than the current LiCoO,/graphite-based, lithium-ion battery mostly because of the
high specific capacity of the sulfur cathode. High-voltage LiNiy sMn; 504 also has
been paired with silicon nanoparticles to form a full-cell battery [122]. The cycling
performance at increased operating voltage resulted in higher specific capacity than
a conventional LiCoO,/graphite-based commercial battery. However, the cycling
stability of this battery is still problematic. There also are reports of thin-film
batteries using amorphous silicon anodes paired with LiMn,O,4 [123] or LiCoO,
cathodes [124—126] with better cyclability than the similar bulk batteries, but
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large-scale manufacturing of thin-film batteries is hindered by the high
manufacturing cost of these materials.

Future Directions

Although the silicon-based anode has great potential to significantly improve the
capacity of lithium-ion batteries, there are still many obstacles that prevent its
practical application. Long-term cycling stability remains the foremost challenge
facing the battery research community. The cyclability of full cells using silicon-
based anodes is complicated by multiple factors, such as diffusion-induced stress
and fracture [127], loss of electrical contact among silicon particles and between
silicon and current collector, and the breakdown of SEI layers during volume
expansion/contraction processes. A detailed study of the design and engineering
of a full cell with a silicon-based anode still needs to be conducted after a stable
silicon-based anode structure is developed. Critical research remaining in this area
includes, but is not limited to, the following:

« Further understanding of the effect of SEI formation on the cyclability of silicon-
based anodes. Electrolytes and additives that can produce a stable SEI layer need
to be developed. In situ SEM of working electrochemical test cells could be
a very useful tool to directly observe the formation and evolution of SEI layers.

* The effect of particle size and the mechanical stability of silicon particles need to
be understood. A theoretical model needs to be developed to find the critical
dimension at which silicon particles are stable under long-term expansion/
shrinking cycles.

¢ A good binder and conductive matrix (such as carbon) need to be developed.
They should provide flexible but stable electrical contacts among silicon
particles and between particles and the current collector under repeated volume
changes during charge/discharge processes. The specific capacity of the com-
plete anode (including the silicon, binder, and conductive matrix) needs further
optimization. An acceptable balance between the specific capacity and the long-
term stability of the anode also is needed. Considering the fact that the specific
capacity of state-of-the-art cathodes is between ~140 mAh/g and 200 mAh/g,
Kasavajjula et al. [24] suggest that improvement in the total capacity of an 18,650
cell is negligible after the anode specific capacity reaches more than 1,200 mAh/g if
other components of the batteries remain unchanged. Based on this analysis,
a specific capacity of ~1,200 mAh/g for the complete anode with a loading of
5-10 mg/cm® would be a reasonable technical target. Improvement in cycling
stability remains the primary challenge for silicon-based anodes.

» The performance of full cells needs to be studied and optimized. Parameters to
be optimized include cell geometry, anode and cathode balancing, accommoda-
tion of volume expansion, and electrolyte/additive selection.
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Last, it should be recognized that the overall effect of the high-capacity anode on
the performance of lithium-ion batteries is limited primarily because the anode only
occupies a relatively small portion of the total weight (15-20%) and volume of the
lithium-ion battery [128]. An anode with infinite specific capacity (or zero weight)
could only lead to less than a 20% reduction in the total weight of the system, if other
components of the battery remain the same. Many factors affect the total specific
capacity and weight/volume of a full battery, such as the specific capacities of the
anode and cathode, electrolyte, separator, current collectors, and case. Therefore,
significant improvements in both the anode and the cathode, as well as other battery
components, must be achieved to realize the goal of producing widely applied, high-
energy batteries.
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