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Alloy anodes are promising anode materials for lithium-ion batteries due to their high-energy capacity
and safety characteristics. However, the commercial use of alloy anodes has been hindered to date by
their low cycle life and high initial capacity loss. This review highlights the recent progress in improving
and understanding the electrochemical performance of various alloy anodes. The approaches used for
performance improvement are summarized, and the causes of first-cycle irreversible capacity loss are
discussed. The capacity retentions and irreversible capacity losses of various alloy anodes are compared.
Several alloy anodes exhibited excellent cycle life (up to 300 cycles) with high initial coulombic efficiency
(80-90%) and large reversible capacity (500-700 mAhg1).
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1. Introduction

Lithium-ion batteries are the primary energy storage devices in
the communications, transportation and renewable-energy sectors
[1,2]. The current choice of anode materials for lithium-ion batter-
ies is graphite due to its long cycle life, abundant material supply
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and relatively low cost. However, the graphite anode has the dis-
advantages of low energy density (375 mAh g~1) and safety issues
related to lithium deposition [3,4]. Thus, there has been a growing
interest in developing alternative anode materials with low cost,
enhanced safety, high-energy density and long cycle life [5].

Alloy anodes are known for their high specific capacity and
safety characteristics [4-7]. Table 1 compares the electrochemi-
cal properties of alloy anodes, lithium metal, graphite and a new
anode material, Li4Ti5O1; (LTO). The theoretical specific capacities
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Table 1

Comparison of the theoretical specific capacity, charge density, volume change and onset potential of various anode materials.
Materials Li C LisTis 013 Si Sn Sb Al Mg Bi
Density (gcm—3) 0.53 2.25 35 233 7.29 6.7 2.7 13 9.78
Lithiated phase Li LiCe Li7Ti5012 Li4_4Si Li4_4Sn Li3Sb LiAl ngMg Li;Bi
Theoretical specific capacity (mAhg=1) 3862 372 175 4200 994 660 993 3350 385
Theoretical charge density (mAhcm—3) 2047 837 613 9786 7246 4422 2681 4355 3765
Volume change (%) 100 12 1 320 260 200 96 100 215
Potential vs. Li (~V) 0 0.05 1.6 0.4 0.6 0.9 0.3 0.1 0.8

of alloy anodes are 2-10 times higher than that of graphite, and
4-20 times higher than that of LTO. Note that the charge densities
(volumetric capacities) given in Table 1 were calculated using the
density of pristine metal. Even if the full volume expansion of lithi-
ated products is considered, the charge densities of alloy anodes are
still 2-5 times higher than those of graphite and LTO. The second
merit of alloy anodes is their moderate operation potential versus
lithium. For example, both Si and Al anodes have an onset voltage
potential of 0.3-0.4V above Li/Li*. This moderate potential averts
the safety concern of lithium deposition as with graphite anodes
(~0.05V vs. Li), meanwhile, avoids the energy penalty of battery
cells assembled with the LTO anodes (1.5V vs. Li/Li*).

The main challenge for the implementation of alloy anodes is
their large volume change (up to 300%) during lithium insertion
and extraction (see Table 1), which often leads to pulverization of
the active alloy particles and poor cycle stability [7-9]. In addition,
the first-cycle irreversible capacity loss of alloy anodes is too high
for practical application. Extensive research has been carried out to
address these two issues and significant progress has been made
during the last two decades [10-198]. Progress on these issues has
been periodically reviewed in several excellent articles in the areas
of intermetallics [6,8], silicon-based or tin-based anodes [5,7,9]
and battery materials [2,4]. The objective of the current review
is to highlight the recent advance in fundamental understanding
and engineering development of alloy anode systems. This report
focuses on the electrochemical performance of alloy anodes includ-
ing first-cycle irreversible capacity loss, cycle life, rate capacity and
anode-design methodology. A future work will concentrate on the
fundamental understanding of the lithium reaction mechanism and
phase transformation during cycling. To simplify the discussion, the
term “alloy anodes” is used in this paper to refer generally to metals,
metalloids and alloy-compound anodes.

Many metals are reactive towards lithium, e.g., Si, Sn, Sb, Al,
Mg, Bi, In, Zn, Pb, Ag, Pt, Au, Cd, As, Ga and Ge [7]. However, only
the first five elements have been widely investigated because they
are cheap, abundant and environmentally friendly. In this work,
the electrochemical performance of Si, Sn, Sb and their alloys is
extensively reviewed because most of the literature has been gen-
erated on these three alloy groups. The alloy anodes can be pure
metals, alloys or intermetallic compounds, either in crystalline or
amorphous state. They can be in the form of fine powders or thin
films. We begin with a brief review of the common causes of the
poor performance of alloy anodes, discuss the technologies used to
overcome these hurdles, and then summarize the electrochemical
performance of Si, Sn, Sb anodes and their alloys.

2. Cause of irreversible capacity and cyclic capacity fade

Low irreversible capacity and long cycle life are two basic
requirements for advanced anode materials. Unfortunately, early
studies found that many alloy anodes had high initial irreversible
capacities (the difference between charge and discharge capacity)
and rapid capacity fade during cycling (loss of reversible capacity)
[10-17]. Fig. 1 shows an example of the charge/discharge curves of
Si alloy anodes [18]. Here, it is evident that the delithiation capac-
ity (charge) is much lower than the lithiation (discharge) capacity

Fig. 1. Charge-discharge voltage profiles of a pure silicon anode with an average
powder size of 10 wm. Reproduced from [18] with permission.

at the first cycle. The first-cycle irreversible capacity loss is high
(2650mAhg-1) and the coulombic efficiency is low (only 25%).
Furthermore, the capacity decreased quickly during the following
cycles; after five cycles the reversible capacity dropped by 70%. This
type of behavior has been commonly observed in other alloy sys-
tems. The causes of large irreversible capacity for alloy anodes are
considered to be the following:

(1) Loss of active material. Because of the large volume change
during cycling, cracking and pulverization of active particles
and the surrounding matrix lead to the disconnection of some
alloy particles from the conductive carbon or current collec-
tor [11,13,16-21]. The cracking of alloy particles has been
confirmed by SEM observation [22]. The breakdown of the con-
ductive network between active particles and the carbon matrix
was evidenced by the sharp rise of the internal resistance of a Si
anode at ~0.4 V during the Li-extraction process [19,23]. Due to
the large internal resistance and the isolation of Si particles, the
delithiation reaction was not completed, with some Li remain-
ing in the Si particles. As a result, an irreversible capacity loss
was observed. Interestingly, Ryu et al. [23] observed that some
of the lost capacity was recovered by applying pressure on the
test cell as contact of the isolated particles with carbon was
resumed.

The occurrence of severe Si particle breakdown at ~0.4 V dur-
ing Li extraction is plausible because the particles are subjected
tolarge tensile stresses in this process as aresult of the large vol-
ume contraction. The initiation and propagation of microcracks
is normally promoted by tensile stresses instead of compressive
stresses unless the compressive stress is extremely high. Upon
lithiation, both Si and the matrix are most likely under com-
pressive stresses as a result of the volume expansion and thus
the Si particles remain mostly intact. Upon delithiation, the con-
traction of Si particles results in large tensile stresses, leading to
the cracking of Si particles or the surrounding matrix, especially
when the volume contraction reaches the maximum at ~0.4 V.
A detailed AFM study of the anode surface has also revealed
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that cracking occurs mainly during the Li-extraction stage [21].

(2) Formation of solid-electrolyte interface (SEI) films. The forma-
tion of passivating SEI films on alloy particles was confirmed
by HRTEM, FTIR and XPS as a result of lithium reaction with the
electrolyte at the surface of alloy particles [15,22,24-26]. The
SEI films consisted mainly of Li, CO3, various lithium alkylcar-
bonates (ROCO,Li), LiF, Li, O and nonconductive polymers. The
composition of the SEI films formed on alloy anodes was dif-
ferent from that on graphite and it varied from alloy to alloy
[15,22,26,27,189]. In graphite, a stable SEI film normally devel-
opsin the first cycle at 0.5-1.0 V versus lithium, and contributes
mostly to the first-cycle irreversible capacity. In contrast, the
SEI formation on alloy anodes appears to be a dynamic pro-
cess of breaking off and reforming due to the constant volume
changes of the alloy particles during cycling [17,26,27,192].
The thickness of SEI films and the amount of salt-degradation
products have been observed to increase with the cycling num-
ber [22,26]. In addition, the freshly formed metal surface from
particle cracking or displacement reaction (such as Co from
CoSn) may act as a catalyst to promote SEI formation even at
a relatively low voltage range (0.5-0V) [26,28,29]. Metal par-
ticles were found to catalyze SEI formation on graphite anodes
[199,200]. Therefore, the formation of SEI films on alloy anodes
is expected to contribute to both the first-cycle irreversible
capacity and the later cycle capacity fade.

(3) Trapping in the host alloy. Even though Li insertion/extraction
in alloys is generally reversible, some Li ions may be perma-
nently trapped in the alloys due to (a) slow Li release kinetics,
(b) the formation of highly stable lithiated compounds or (c)
strong bonding with less coordinated atoms at defect sites
[11,13,30-35]. A high density of defects is expected at surface,
interface or grain boundaries in alloy particles due to the large
volume change and the complicated structural transformation
in the Li-insertion/extraction process. Li can be trapped irre-
versibly at these defect sites [33,35,36]. Li insertion has also
been reported to be incompletely reversible in Mg-containing
alloys [11,37,38]. In addition, the presence of impurities such as
S, P, O and C in host alloys may lead to the formation of stable
lithium compounds, resulting in irreversible capacity loss [9].

(4) Reactionwith surface oxide layers. Because many metals are reac-
tive with oxygen or water, a passivation oxide layer is normally
formed on a metal or alloy particle surface during material
preparation. Li reacts irreversibly with many oxides to form
Li, O at the potential of approximately 0.8-1.6V [15,26,39]. One
extreme case is the tin-based amorphous oxide composites
(CTOs), which are converted to nanocrystalline Sn and Li, O dur-
ing lithiation with a low coulombic efficiency of 63% [40,41].
Because of the low atomic weight of oxygen, even a small
amount of oxide will lead to a large irreversible capacity loss.
For example, the theoretical specific capacities of SnO, and SiO,
are as high as 715 and 1784 mAh g1, respectively.

(5) Aggregation of alloy particles. Electrochemical aggregation has
been observed in many fine-grained alloy anodes during cycling
[15,33,35,41]. The reason for aggregation has been attributed to
the welding effect induced by the pressure resulting from the
large volume expansion [15]. The agglomeration of active parti-
clesresults in the increase of Li diffusion length and the trapping
of SEI films in the particles, leading to irreversible capacity loss
[15].

3. Approaches for improving anode performance
In an attempt to reduce the cyclic capacity fade and the first-

cycle irreversible capacity of alloy anodes, several strategies have
been developed to reduce the detrimental effects of large volume

changes and to alleviate the side reaction with electrolyte. These
approaches are classified into the following six categories.

3.1. Multiphase composites

The primary purpose of dispersing active alloy particles within
a composite matrix (filler) is to use the host matrix to buffer the
large volume change of the active particles so that the electrode
integrity and the electronic contact between the active particles
and conductive phase can be maintained [42,171]. To this end, the
host matrix must allow rapid transport of electrons and Li ions
and maintain the microstructural stability of the whole anode [13].
The host matrix also acts as a spacer to reduce the aggregation of
active particles during cycling [13,41]. Based on the type of host
phase, composite anodes can be described as (a) inactive matrix,
(b) active matrix, (c) carbon-matrix composite and (d) porous
structures.

(1) Inactive-matrix composites. This type of composite anode con-
sists of active particles and an electrochemically inert matrix
[43,197]. The matrix can be a metal such as Fe, Cu or Nb
[44,45,170], an alloy like FeSi, [46], an oxide such as Al,03
[47,48,196] and Li,O [49], or a ceramic such as TiN [50], SiC
[51] and TiB [52]. A good example of this type is the tin-based
composite oxide anode (CTO) formed by the in situ reaction
of SnO with Li to create finely dispersed Sn nanocrystals in
a mixed oxide matrix [40,53]. Composite anodes have shown
excellent cycling stability for over 100 cycles at a reversible
capacity of 600 mAh g1 [40]. It has been widely reported that
higher amounts of host phases improve the cycling stability of
the anode but reduce specific capacity [13]. The buffering effect
of the matrix was confirmed by SEM examination of a cycled Al
anode, which showed that no cracking developed in an Al/SiC
composite, whereas severe cracking was observed in the pure
Al anode at the first cycle [51].

One potential drawback of the inactive host phases is that
they may block or slow down lithium diffusion or electron
transfer, resulting in a less-than-expected capacity [54]. To
avoid this problem, the host matrix must possess good ionic and
electronic conductivities and appropriate mechanical strength.
In terms of mechanical properties, it has been proposed that
a matrix with a high yield strength, low ductility and a low
elastic modulus will provide better volume compensation dur-
ing cycling [19,56]. In other words, the matrix must be able
to sustain a high stress with a large elastic deformation when
the active particles expand so that the active particles are
under high compressive residual stress during Li insertion. A
compressive residual stress was reported to prevent particles
from cracking [23,57]. As mentioned earlier, cracking develops
mainly under large tensile stresses. A high residual compressive
stress in the particles during expansion will reduce the tensile
stress level during particle contraction. In contrast, the facile
plastic deformation of a matrix may relieve the large compres-
sive stress in the particle during expansion (lithiation) leading
to high tensile stress during contraction (delithiation) unless
the matrix or the particle is cracked. In this view, a matrix
with high strength, low ductility and a low elastic modulus may
reduce the tendency for active particle cracking. Further study
is warranted on this hypothesis.

(2) Active-matrix composites. In active-matrix anodes, both the
active phase and the host matrix are reactive towards lithia-
tion. The idea of an active composite is to have one component
lithiated while the other acts as a buffer to alleviate the vol-
ume change as they react with Li at different onset potentials.
For example in the SnSb alloy, the more active phase, Sb,
begins Li insertion at ~0.9V vs. Li/Li* while the second unre-
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Fig. 2. Comparison of cycle performance for Sb, Sb/carbon and Sb/carbon/graphite
nanocomposites under different voltage windows. Reproduced from [83] with per-
mission.

acted component, Sn, with an onset potential of ~0.6V, can
thus accommodate the volume expansion of the lithiated Sb
phase [14]. Among the active composites, the most studied
alloys are SbSn [14-17,33,42,58-62,190], Sbin [6,63-68], SbAg3
[16,20], SbAI [26,63], SnAg [69-71] and Mg,Si [11,153]. The
challenge for some of the active composite anodes is their low
reversibility during repeated cycling. As a result, the cycle life
of pure active-matrix anodes is often lower than that of the
mixed active/inactive composites. In addition, it has been found
that the cycling stability of active-matrix composites depends
strongly on the charge depth. A better cycle life was achieved by
controlling the charge to a limited state of second-component
lithiation [13,61].

(3) Carbon-based composites. The beneficial effect of carbon addi-
tion or a carbon coating has been widely observed in many
studies [47,57,62,74-80]. Carbon-matrix composites can be
prepared by ball milling of active materials with graphite
[69,81,82] or carbon black [37,62,77,83], or by pyrolysis of
carbon precursors [49,57,74,75]. The improved cycling per-
formance of carbon-matrix composites was attributed to the
improved electric conductivity and the buffering effect of car-
bon[37,47,48,74,80]. Carbon additives also have the advantages
of good ionic conductivity, low volume expansion, tolerance to
mechanical stress and Li-storage ability [37,48,57]. In addition,
the presence of a carbon coating on Si particles was believed
to suppress the formation of SEI layers [57,78]. It has also been
suggested that a carbon coating exerted a compressive stress
on the active particles which acted as an opposing force against
particle volume expansion during lithiation and thus limited
the pulverization of the particles [57]. The compressive resid-
ual stress was considered to be important in enhancing the
cycling performance of Si/C composite anodes because the per-
formance deteriorated when the stress was relieved by grinding
or annealing [57]. In general, higher carbon content leads to
better capacity retention but at the expense of reducing the
specific capacity and increasing the irreversible capacity loss
[57,76,79,84].

The first-cycle irreversible capacity of carbon-composite
anodes depends strongly on the carbon type and the prepa-
ration method, as further discussed in Section 4. Along with
particle size control, several carbon nanocomposites exhibited
stable cycle lives of over 100 cycles [47,62,83]. An example is
given in Fig. 2, which shows that the addition of carbon (C)
and graphite (G) improved the cycle life of a nanocrystalline Sb
anode [83].

(4) Porous structures. One way to overcome the problem of large
volume expansion is to design three-dimensional porous elec-
trode structures with sufficient porosity to accommodate the
volume expansion. A similar approach was employed in the
high-temperature commercial Na/NaCl; cell [85]. Porous anode
structures can be prepared by electrodepositing active mate-
rials such as Sn or Si onto a porous current collector [85-87]
or onto a template [88,89]. The cycle performance of anodes
deposited on a porous substrate was significantly improved
compared to those deposited on a planar collector [86,90,91].
For example, a silicon anode deposited on a Ni foam current col-
lector showed a stable cycle life of over 400 cycles at areversible
capacity of ~500 mAh g~ [86]. However, the presence of a large
volume of pores in the porous electrodes decreases the total vol-
umetric energy density of the cell. Therefore, the challenge for
porous-structure electrodes is to increase the active material
loading to a practically acceptable level [89].

3.2. Particle size control

It has been confirmed in many studies that reducing the active
particle size to the nanometer range (<100 nm) can significantly
improve the cycling performance of alloy anodes, especially when
agglomeration of the particles is inhibited by a composite matrix
[13-15,39,42,50,52,75,84,92-96,172]. Early studies by Yang et al.
[13,42] found that when the particle size of Sn powders was
decreased from 3 wm to 300nm, the number of stable cycles
increased from 3 to 70. In a recent paper, a nanosized SnSb/C com-
posite prepared by high-energy ball milling exhibited a cycle life
of more than 300 cycles [62]. A nanocrystalline Sb/Al;03/C com-
posite also showed excellent cyclic stability of over 100 cycles
[47].

The improved cycling stability was attributed primarily to the
ability of nanosized particles to accommodate large stress and
strain without cracking [42,93]. It is well known that as the
grain size is decreased to nanometer scale, the yield and fracture
strengths of metals and alloys increase dramatically (by several
fold) because the motion and pile-ups of dislocations (responsible
for the early cracking and fracture) are constrained or elimi-
nated in nanosized grains or particles [201,202]. This implies that
nanocomposite anodes can sustain much higher stresses before
pulverization. In fact, cracking has rarely been observed in nano-
sized alloy anodes. In addition, a smaller particle size decreases
the electronic and ionic transport distance and reduces the stress
or strain induced by inhomogeneous Li diffusion [52,96]. The high
density of grain boundaries in nanocomposites also provides a fast
diffusion path for Li ions and act as additional Li-storage sites
[95]. Lithium insertion at grain boundaries may also reduce the
total volume expansion of anodes because the packing density at
nanocrystalline boundaries is somewhat lower than that of the per-
fect crystal by 10-30% [72,203].

However, it is worth keeping in mind that nanosized particles
have many disadvantages such as large surface area, high manu-
facturing cost and handling difficulty [2,39]. The existence of large
surface areas increases the side-reactions and SEI formation, which
may lead to self-discharge, poor cycling life and short calendar life.
One possible way to overcome these problems is to prepare anode
composites comprised of large primary particles and nano-grained
secondary particles. This approach has been employed in several
studies [5,47,62,83].

3.3. Intermetallics
The concept of intermetallic anodes was introduced and exten-

sively investigated by Thackeray et al. [6,8,64,67,97,173]. The idea
is to create a Li-insertion host structure that maintains a strong
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structural relationship between the parent, intermediate and lithi-
ated phases with a limited volume expansion during reaction
[6,8,97,98]. This type of anode works similarly to the commer-
cial high-temperature Zebra cell in which Ni in NiCl, is replaced
by Na during reaction [6]. An important feature of intermetallic
anodes is the existence of a stable sublattice corresponding to the
graphite layers in carbon, but this sublattice is not widely spaced
for Liintercalation [67]. Instead, Li insertion in the host lattice takes
place by the concomitant extrusion of the second component. For
example, in a CuySb anode Li inserts into the Cu,Sb structure to
form Li;CuSb by concomitant extrusion of Cu and it finally yields
Li3Sb without disrupting the fcc Sb host sublattice [99]. The inter-
metallic anodes currently being extensively studied include CugSns
[44,85,100,101], InSb [64,67,68], Cu,Sb [34,66,98,99,102,103] and
CoMnSb [103,104]. Several intermetallic anodes have shown sta-
ble cycling performance for over 25 cycles [6,85,99,100]. The good
cycling stability was attributed to the structural similarity, the
limited volume change and the fast reaction kinetics provided
by the reversible lithium insertion/metal extrusion. However, the
specific capacities of these intermetallic anodes were relatively
low (250-400mAhg-1) [99,100,104]. It would be highly desir-
able to develop novel intermetallic anodes with high specific
capacity.

Another concept similar to intermetallics is the use of solid-
solution alloy systems such as Mg-Li binary alloys, in which Mg
forms a solid solution with Li over a wide composition range (from
30at.% to nearly 100 at.% Li) [5,37,174]. As expected, a structural
similarity can be maintained during this entire Li alloying range.
However, the challenges for Mg-Li alloy implementation are the
potential safety concerns due to the very low potential of Mg versus
Li and the difficulty of preparing homogeneous Mg-alloy materials
because of its high reactivity [5,174].

3.4. Thin film and amorphous alloys

The excellent cycling performance of thin-film Si anodes has
been reported by a number of studies, with stable capacity reten-
tions of over 2000 mAh g~! for up to 1000 cycles [105-108]. The
good capacity retention of thin-film anodes was attributed to the
strong adhesion of active material to the conductive support. Thin-
film anodes can be prepared by magnetron sputtering [111-113]
or physical vapor deposition [108-110]. The performance of thin-
film anodes depends strongly on the deposition rate, deposition
temperature, substrate-surface roughness, film thickness and post-
annealing treatment [107,115,114]. Most of the thin-film anodes
prepared to date have been in an amorphous state. Takamura et
al. reported that an amorphous Si thin film deposited 50 nm thick
on a Ni foil exhibited a high specific capacity of over 2000 mAhg-!
and superior cyclability of over 1000 cycles at a charge rate of 12C
[105,108]. However, the cycle life was dramatically reduced when
the film thickness was increased (200 cycles for 0.5-1 pm films and
50 cycles for 1.8-pm films) [115]. The poor performance of thicker
films (>1 wm) compared to thinner films was due to the increased
Li diffusion length, higher electrical resistance and larger internal
stress of Li insertion/extraction [86,117]. The challenges for thin-
film anodes are (a) the high cost of the deposition process and (b)
low active material loading [86,118].

In addition to pure Si films, various binary or ternary thin-film
anodes were investigated by Dahn et al. [113,119-123,175] and
others [117,124-126,193]. The alloys under study include Sn—Ni
[126], Sn-Zr [124,125], Si-M (M =Mg, Al, Sn, Zn, Ag, Fe, Ni, Mn)
[113,117,123,193] and Si-Al-M alloys [120,121,127]. Dahn et al.
found that the composition of the films had a large impact on
its cycling performance and amorphous films generally had better
capacity retention and lower irreversible capacity than crystalline
ones [113,120,122]. The advantage of amorphous materials was

claimed to originate from the elimination of two-phase structures
with different lithium concentrations, leading to more homoge-
neous volume expansion and improved charge-discharge cycling
behavior [119].

3.5. Operating voltage control

It has been observed in many studies that alloy anodes
have much better cycle life when they are cycled within a
limited voltage range as compared to the full voltage range
[14,20,65,80,83,92,128-130,168]. Cycling stability can be improved
by restricting either the upper or lower cutoff voltage, which
reduces the amount of volume change, the tendency for particle
aggregation and the extent of structural change [20,92,132,133].
For example, limiting the reaction voltage of InSb and AgsSb to
the lithium-insertion/metal-extrusion stage (to >0.65V for InSb
and >0.2V for AgzSb) significantly improved the reversible reac-
tion [20,64,65]. In contrast, if the extruded metals, such as Ag or In,
were allowed to react fully with lithium to yield Li4Sn and LizAg
in a full voltage cycle, the capacity of the cells declined rapidly.
Fig. 2 shows that raising the low cutoff potential from 0V to 0.8V
remarkably improved the cycling performance of an Sb/C nanocom-
posite [83]. Similarly, changing the lower cutoff voltage from 0V to
0.2V increased the cycle life of an amorphous Si anode from 20
to 400 cycles [168]. It has been suggested that the lithiated amor-
phous Siis suddenly converted into crystalline Li;5Si4 below 50 mV,
resulting in high internal stress and capacity fade [132,133]. Reduc-
ing the upper voltage of a nano-Si anode from 2V to 0.8V also led
to improved capacity retention [80]. However, the shortcoming of
voltage control is that it reduces anode capacity. For example, the
specific capacity of an amorphous Si anode decreased from over
~3000 to ~400 mAhg~! when the lower potential was increased
from OV to 0.2V [168].

3.6. Binder and electrolyte

In the preparation of a battery cell the active anode particles are
mixed with conductive carbon particles and a binder (5-15 wt.%).
The conventional binder used for graphite and alloy anodes is
polyvinylidene fluoride (PVDF), a thermoplastic material with poor
elastomeric properties. It is thus reasonable to expect that an alter-
native elastomer binder may have a better ability to accommodate
the large volume change of alloy particles than PVDF [118,134]. This
idea was proven effective for improving the cycling stability of dif-
ferent alloy anodes using cross-linking polymers and an elastomer
binder system [118,135,136]. However, the concept was challenged
by the finding that a stiff, brittle sodium carboxymethyl cellulose
(CMC) binder was even more effective in enhancing the capacity
retention of Si anode than either PVDF or the SBR elastomer binder
[84,137,195]. This finding suggests that other factors also play an
important role in addition to elastic elongation.

Li et al. [137] proposed that the CMC binder may act as a sur-
face modifier promoting the formation of a stable SEI passive layer.
Lestriez et al. [179] believed that the extended confirmation of CMC
in solution led to a more homogeneous dispersion and networking
of the conductive carbon and active particles. Winter et al. [180]
reported that the formation of a strong chemical bond between
the binder and the active particles (Si) was the major reason for
the improved reversibility of an Si/C electrode prepared with a
CMC binder. They suggested that the cohesive strength between
the binder and active particles is an important factor. This hypoth-
esis was supported by a previous report that replacing the PVDF
binder with a modified acrylic adhesive increased the capacity
retention of a Si/C electrode from 67% to 90% (50 cycles). The peel
strength of the acrylic adhesive (7 N) was much higher than that of
PVDF (0.4 N) [181]. By the same token, the use of a high-strength
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[106,111,112,114,146] and Si-thin-film anodes prepared by vacuum deposition (VD film

polyamide-imide (PAI) binder instead of PVDF increased the initial
coulombic efficiency of a Si-based electrode from 29% to 75% [182].
Inarecent paper, Dahn et al.[183] reported that a lithium polyacry-
late (Li-PAA) binder performed even better than the CMC binder.
An amorphous SnCoC electrode using a Li-PAA binder showed an
excellent capacity retention of 450 mAhg-! for at least 100 cycles
as compared to less than 20 cycles when using the PVDF or CMC
binders. These results indicated that the choice of binder system has
a critical impact on the performance of alloy anodes. More studies
are needed to understand the promoting effects of different binder
systems.

In addition to the binder, the electrolyte composition also
has an important effect on the cycle stability of alloy anodes
[17,84,118,184-187,192]. Wachtler et al. [17] first reported that
the reaction of electrolyte with the anode can be retarded by
the use of a film-forming agent and surfactant additives. Subse-
quently, it was found that the concentration of ethylene carbonate
or LiBOB in the electrolyte affected the cyclic capacity reten-
tion of alloy anodes [184,185]. The addition of succinic anhydride
or fluoroethylene carbonate (FEC) to the electrolyte solution has
been reported to greatly enhance the cycling performance of alloy
anodes [186,187]. The addition of 3% FEC in an ethylene car-
bonate/diethyl carbonate/LiPFg electrolyte increased the capacity
retention of an amorphous Si thin-film electrode from 68% to
88% after 80 cycles [187]. The improvement was attributed to the
formation of a dense SEI layer consisting of stable compounds.
Along with binder selection, selecting an appropriate electrolyte
appears to be critical for the successful commercialization of alloy
anodes.

) [108-110]. The numbers marked in the graph are reference numbers.

4. Electrochemical performance of various alloy anodes

By employing the various approaches discussed in Section 3, the
electrochemical performance of alloy anodes has been significantly
improved. In this section, the first-cycle irreversible capacity, cycle
life and rate capacity of three most studied systems (Si, Sn and Sb)
are summarized.

4.1. First-cycle irreversible capacity

Silicon has been extensively investigated as an anode material
because of its high theoretical energy capacity (Table 1). Fig. 3 sum-
marizes the first-cycle irreversible capacity (IRC) and coulombic
efficiency (COE) of various Si anodes. The pure Si powder anodes
(Si) had a high IRC of 900-1100mAhg-! and a COE of 35-75%
[23,57,76,80,93,94,138,139]. These pure Si powders were mostly
in crystalline form before charging. However, after the first cycle,
many of them converted into amorphous powders. Reducing the
particle size from 10 wm to 10-40 nm slightly decreased the IRC
and increased the COE because the nano-Si anodes [76,93,94] nor-
mally had a higher reversible capacity than the coarse Si samples
[23,57,76]. However, even the nanowire Si anode (90 nm in diame-
ter)[93] had a high IRC of 1150 mAh g~! and a COE of 73%. The high
IRCs of pure Si powders appear to be related to cracking-induced
active material loss.

Generally speaking, adding carbon to Si powders significantly
reduces the IRC, but the effect depends on the carbon type, carbon
content and synthesis method [57,75,81,194]. The Si/C composites
prepared by in situ pyrolysis of precursors such as polyvinyl chlo-
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Fig. 4. The first-cycle irreversible capacity versus delithiation capacity of (a) Si-based, (b) Sn-based and (c) Sb-based alloy anodes. The reference numbers are given in the

graphs as superscripts.

ride (Si/C)[57,75,141] or by mild mixing of Si particles with graphite
(Si-G) [138,142-145] had low IRCs (200-400mAhg~!) and high
COEs (70-90%). However, the Si/G composites prepared by exten-
sive milling of Si with graphite had high IRCs (1000-1300mAhg—1)
and low COEs (~45%) [81,82]. The low IRCs of both Si/C and Si-G
powders appear to result from the buffering and coating effects of
the dense carbon matrix [57,81,141]. The IRCs of the pure carbons
prepared in situ from a polyvinyl chloride precursor were also low
[117]. The high IRCs of milled Si/G composites originate from the
high IRC of milled graphite. Milling of graphite was found to sig-
nificantly increase its IRC (from 120 to 740 mAhg~1) and decrease
its COE (from 80 to 40%) as a result of the increased surface areas
[81,149]. Therefore, it is very important to control the IRC of carbon
in preparing carbon-matrix anode composites. Reducing Si particle
size has no significant effect on IRC but improves capacity retention
[75].

As shown in Fig. 3, the IRCs of Si-thin-film anodes (primar-
ily amorphous films) also depend strongly on the preparation
method. Most of the thin films prepared by magnetron sputtering
(SP Film) had low IRCs (150-500 mAh g~1) and high COEs (85-95%)
[106,111,112,114,176], whereas the thin films prepared by vacuum

deposition (VD Film) had relatively high IRC (800-1400 mAhg-1)
and low COE (40-75%), except for one sample [108-110]. The high
IRCs of the VD films are likely due to the formation of SEI or stable
Li compounds as a result of the high impurities in the films because
the large irreversible capacity loss was observed at above the onset
potential of Si lithiation (~0.4 V) in the first alloying cycle [ 109,110].
The IRC decreased with increasing film thickness or deposition rate
[160,108,111]. When the Si target in vacuum deposition was heated
to a high vaporization temperature, impurities such as O and H may
easily react with the Si target or with the Si clusters leading to high
impurity content. Thus, it is vitally important to carefully optimize
the deposition conditions to reduce the IRCs of thin-film anodes.
The observed high COEs of the SP Si films (>90%) are very encour-
aging. These indicate that low COE (high IRC) is not an intrinsic
characteristic of alloy anodes. It is practicable to control the IRC of
alloy anodes to a level comparable to that of the best carbon anodes
(the MCMB carbon shown in Fig. 3) [4,138].

Fig. 4a compares the IRCs of Si alloy anodes and Si inactive-
matrix composites (mostly in crystalline form). The IRCs of these
samples are in the range of 100-500 mAh g1, comparable to the Si
carbon-matrix composites (Fig. 3a). However, the reversible capaci-
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ties of these anodes are relatively low except for the Si/LiO, sample
[49]. As in Si/carbon composites, the high IRCs of several Si alloy
anodes likely result from the high IRCs of the milled graphite or the
porous carbon matrix in these samples [49,150,152].

Fig. 4b and ¢ summarize the IRCs of various Sn-based and
Sb-based alloy anodes. These alloys were mainly in crystalline
form. The IRCs of these samples vary greatly from 40 to
600 mAh g~'. Note first that all the samples with milled graphite
additives had relatively high IRC values of 250-500mAhg!
[69,83,150,155,160,163]. Second, several Co-containing anodes
also had high IRCs (300-400mAhg-1), including CoSbs [25],
CoFeSb [163], LnCoSn [156], SnCo [155] but not the SnCoP sample,
which was prepared by electroplating [87]. It is unclear whether
the high IRCs of Co-containing alloys are due to oxide impuri-
ties or due to the catalytic effect of Co on SEI formation. The high
IRCs (250-500 mAh g~!) of nanosized Sn [19,62,69,156] and SnSb
[17,60,61] anodes are at least partially due to the oxide impurities
and SEI formation because a large capacity loss was observed at
>0.7V in first alloying cycle [17,19,61]. The high IRCs of AlSb [26]
and NiSb; [162] were attributed to SEI formation. Compared to anti-
mony, tin is more prone to oxidation; therefore, care must be taken
to avoid it when preparing ultrafine Sn-based powders.

In Fig. 4, it is very encouraging to see that several Sn- and Sb-
based anodes had a low IRC below 100 mAhg~! and a high COE of
85-95% (marked by the dotted circles). Among these, the thin-film
Sn anode prepared by electroplating (a few microns in thickness)
had a high COE of 94% and a low IRC of ~40 mAh g~ [16]. This result
further demonstrates that the IRC of alloy anodes can be optimized
to a level comparable to that of the best carbon anodes. In other
words, high IRC is not an intrinsic character of alloy anodes. The
crystalline SnCoP sample, with a high COE of 93% and a low IRC
of ~60 mAh g1, was also prepared by electroplating [87]. The low
IRCs of these two electroplated samples are likely related to their
high purity and good electrical conductivity. The FeSn,/C [170] and
InSb [65] samples, with COEs of 87-90%, were prepared by ball
milling under argon. The Sb/C [83] and Sb/TiC/C [77] samples, with
a COE of ~87%, were prepared by high-energy ball milling with
Super P carbon black under argon. This result is surprising con-
sidering the high IRC (~500mAhg-1) and low COE (54%) of the
milled-carbon black alone [62]. The low IRCs of these milled-carbon
composites are probably because the composite powders consisted
mainly of larger, micron-sized primary particles with the nanosized
Sb particles embedded in the dense carbon matrix [62,83].

4.2. Capacity retention and cycle life

The capacity retention of alloy anodes has been substantially
improved by the approaches outlined in Section 3. Fig. 5 shows
the excellent cycling performance of three Sn-base alloys. The
nanocrystalline Sn3g(CoFe)39C49 sample was an inactive-matrix
carbon nanocomposite prepared by mechanical attrition [167].
This material showed a reversible capacity of ~430mAhg-! for at
least 100 cycles and an IRC of ~85mAhg-1. The second sample,
SnAg, was an active-matrix nanocomposite prepared by mechani-
cal alloying [71]. This anode had a cycle life of over 300 cycles and
a reversible capacity of ~330mAhg~! under a controlled cycling-
voltage range (0-1.0V). The SnSb/C nanocomposite was an active
carbon-matrix composite prepared by high-energy ball milling. It
had a microstructure consisting of nanosized SnSb (~10 nm) crys-
tallites uniformly distributed in an amorphous carbon matrix [62].
The carbon content (Super P) in this composite was ~40 wt.%. This
nanocomposite exhibited excellent cyclability for over 300 cycles
at a stable capacity of ~560mAhg-!. The long cycle life of this
nanocomposite was attributed to its small particle size and the
buffering effect of the amorphous carbon matrix. No cracking was
observed in the nanocomposite after extensive cycling, and the size

Fig. 5. The cycling performance of three tin-based alloy anodes: SnSb/C [62], SnAg
[71] and Sn3o(CoFe)30Caq0 [167] alloys.

of the SnSb crystallites decreased to 2-3 nm at the tenth cycle. This
material also exhibited good initial coulombic efficiency (~81%)
and excellent high-rate capacity [62].

Fig. 6 shows the good cycling performance of Sh-based alloy
anodes. The carbon-matrix nanocomposites Sb/C/G [83], Sb/TiC/C
[77] and Sb/Al,03/C [47] were prepared by ball milling or
mechanochemical milling, and their Sb contents by weight were
40%, 58% and 46%, respectively. Sb nanocrystallites of about 20 nm
were uniformly dispersed through the carbon/ceramic matrix. All
three nanocomposites had an excellent cycling life of over 100
cycles and a stable reversible capacity of 450-550 mAhg~!. The
Sb/TiC/C composite also had a high initial coulombic efficiency of
87% [77]. In addition, two intermetallic anodes, Cu,Sb [99] and
LiMgSb [165], showed stable cycling performance for over 20 cycles
(test interrupted).

The excellent cycling performance of Si-base nanocomposites
is presented in Fig. 7. Both the Si/40C (40 wt.% carbon) [149]
and Si/80C (80wt.% carbon) [142] nanocrystalline composites
were prepared by in situ pyrolysis of carbon precursors. As a
result, Si particles of 50-80 nm were homogeneously dispersed
within the porous amorphous carbon matrix. These nanocompos-
ites exhibited an excellent cycling stability of 100 cycles at the
high reversible capacities of 1450 and 950 mAh g1, respectively.
However, the first-cycle COEs were relatively low (~75%). The
Si/Li, O/C nanocomposite [49] was prepared by mechanochemical
reaction of SiO with lithium metal followed by in situ pyrolysis
of a carbon precursor (PVC). The resulting porous nanocompos-
ite (Si~60nm) had a stable cyclability of over 100 cycles and a
capacity fade rate of ~0.15% per cycle, but its initial coulombic effi-
ciency (COE) was only 60%. The Si/SiOx/C nanocomposite [148] was

Fig. 6. The cycling performance of Sb-based alloy anodes: Sb/C/G [83], Sb/TiC/C[77]
and Sb/Al,03/C [47] nanocomposites, Cu,Sb [99] and LiMgSb [165] intermetallics.
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Fig. 7. The cycling performance of Si-based alloy anodes: Si/40C [149], Si/80C [142],
Si/SiOx/C [148] and Si/Li, O/C [49] nanocomposite anodes.

synthesized by ball milling SiO and graphite powders followed by
annealing at a high temperature with a carbon precursor. It had a
microstructure consisting of Si nanoclusters (2-10 nm) dispersed in
asilicon-oxide/carbon matrix. This material had a reversible capac-
ity of ~700 mAh g1 for up to 200 cycles and a capacity fade rate of
0.07% per cycle, but its COE was low (70%). These examples demon-
strated that excellent cycling performance can be obtained with
Si/C nanocomposite structures, but the initial irreversible capacity
of these alloys needs further improvement.

In addition, several Si thin-film anodes (amorphous) exhibited
long cycle life, up to 3000 cycles [106-108,110,112,168]. Takamura
et al. reported a 50-nm Si thin film having a capacity retention
of over 2000mAhg-! for 3000 cycles at a current rate of 30C
[108], and a 670-nm film cycled for over 200 cycles at a simi-
lar capacity level [115]. A multilayer Fe/Si-film anode (138 nm)
also showed a stable capacity of over 3000 mAh g~! for 300 cycles
[107]. As mentioned earlier, the challenge for thin-film anodes
is to increase the film thickness to a level suitable for practical
applications.

Finally, it is worth noting that the electrochemical performance
of alloy anodes in many of the studies mentioned above was eval-
uated in a half-cell using lithium metal as a counter electrode. The
conditions in a half-cell are different from a standard Li-ion cell
because of the constant supply of lithium in the half-cell. In the
case of continuous consumption of Li during later cycles, the capac-
ity fade will be more severe in a Li-ion cell than in a half-cell. It is
thus important to measure the capacity retention and columbic effi-
ciency of alloy anodes in a full Li-ion cell for long-term cyclability
[188].

4.3. Rate and temperature dependence

A limited number of studies has been performed on the
rate capacity of alloy anodes; several are shown in Fig. 8
[47,62,83,93,108,155,166]. The Sb/Al,03/C nanocomposite had
excellent rate capacity up to 5C[47]. Here, 5C was defined as the full
use of the charge capacity (500 mAhg=1)in 1/5 (0.2) h. The SnSb/C
[62] and Sb/C [83] nanocomposites also showed a relatively stable
rate capacity to the maximum rate tested (2C). The good rate capac-
ity of the Sb/Al,03/C and Sb/C nanocomposites was attributed to
(a) the short lithium-diffusion distance and the high diffusion rate
in the nanosized Sb particles and (b) the good electronic conduc-
tivity provided by the carbon matrix [47,83]. However, the specific
capacities of microsized NiSb, powders decreased linearly as the
Crate increased [166]. It is unclear whether the poor rate capacity
of this sample was due to its large particle size. Capacity reduction
at high C rates was also observed in Si-thin-film and Si-nanowire

Fig. 8. The influence of C rate on the specific capacities of several alloy anodes. The
reference numbers are given as superscripts.

anodes [93,108]. More research is merited to understand the rate
capacity of alloy anodes.

Temperature tolerance is an important requirement in many
applications for lithium-ion batteries. The influence of tempera-
ture on the electrochemical performance of alloy anodes has not
yet been well investigated. It has been observed that increasing the
testing temperature from 30 to 50°C almost doubled the capac-
ity of an amorphous SiSn thin-film anode at high charge rate but
had little effect at low charge rate [119]. A Sb/Al;03/C nanocom-
posite exhibited a higher reversible capacity at 55°C than at 25°C
(596 vs. 463 mAhg-1) [47] but its capacity retention after 100
cycles decreased from 93% to 83% when the temperature was
increased. The temperature effect is especially important for nano-
sized alloy anodes because of their small particle size and high
surface area. At high temperature, the improved lithium diffusion
and reaction kinetics may increase the capacity delivery and rate
capacity of alloy anodes. However, the cyclic and calendar life of
anode with fine particle sizes can be severely challenged due to
the increased tendencies for microstructural instability, particle
aggregation, anode/electrolyte reaction and catalytic effects on SEI
formation. Therefore, the temperature tolerance (—30 to 50°C) of
alloy anodes deserves special attention in future studies.

5. Engineering design of alloy anodes

Large volume change is one of the major concerns for alloy
anode design and development. However, large volume change
in anode materials has been managed fairly well in commercial
battery systems such as in nickel/cadmium and lead/acid batter-
ies [5]. The Ni/Cd battery is based on a Cd/Cd(OH), anodic reaction
with a volume expansion of 130%. The traditional lead/acid bat-
tery cycled through PbO,/PbSO4 and Pb/PbSO, reaction with up to
120% volume change [5]. The many alloy materials discussed above
demonstrate that long cycle life of several hundreds of cycles can
be achieved by designing nanocomposite structures.

In practical cell design it is always highly desirable to maximize
the electrochemical performance of a battery cell at a given size and
limited volume change. Obrovac et al. [169] recently stressed that
the volumetric energy density of the active material is more impor-
tant than the specific energy density because of the restricted size
requirements of battery cells for many consumer applications and
because of the high cost of the extra supporting materials required
such as binder, conductive carbon and foils, which are associated
with low volumetric energy density. Interestingly, they calculated
the volumetric energy density of different anode materials and
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Fig. 9. Universal energy-expansion curves (vs. a 3.75-V cathode) for (a) silicon and
(b) tin alloys with inactive components calculated from silicon and tin voltage curves
during delithiation. Indicated on the curves is the volume percent of electrochemi-
cally active silicon or tin in the alloy. Reproduced from [169] with permission.

Fig. 10. Total capacity of an 18,650 Li-ion cell as a function of anode capacity,
including masses of other required internal components and case. Capacities of the
cathodes (Cc) considered were 140 and 200 mAhg~! [9].

found that many active elements have nearly same (volumetric)
energy density at a given volume expansion because the molar
volume of lithium is nearly the same in any lithium alloy and
independent of the lithium content [169]. It was also shown that
alloying inactive elements with active elements actually increased
the volumetric energy density, which is another strong supporting
argument for using inactive-matrix nanocomposite structures.

Fig. 9 shows an example of the universal energy-expansion
curves calculated for silicon and tin alloys [169]. The energy densi-
ties of Si and Sn alloys at a given volume expansion are fairly close
and the slightly lower energy density of tin than silicon alloy is due
to its higher average voltage for the delithiation half-cycle (0.65V
for Sn vs. 0.42V for Si). Obrovac et al. suggested that these univer-
sal energy—expansion curves are a powerful tool for the design of
anode materials [169]. For example, for an electrode system that
can withstand a maximum of 100% volume expansion the curve
shows that the highest energy density can be achieved for Si-based
alloy is 5 Wh cm—3 with a composition of 36 vol.% active silicon and
64 vol.% inactive phases.

A second consideration for anode design is whether or not it
is necessary to pursue the maximum specific capacity of alloy
materials. In a recent paper, Kasavajjula et al. [9] calculated the
specific capacity of a Li-ion cell as a function of the capacity of

anode material (see Fig. 10). They concluded that the total cell
capacity increased noticeably when increasing the anode capac-
ity up to 1000-1200mAhg-! (the cathode capacity considered
was 140-200mAh g-1). Above this level, the improvement in total
cell capacity was marginal. This conclusion supports the use of
approaches such as multiphase composites and cycling-voltage
control in practical cell design for Si-based alloys. A recent study
indicated that it is feasible to operate practical battery cells in a
controlled-voltage profile [133].

6. Conclusions

Thanks to extensive research efforts, the electrochemical per-
formance of alloy anodes has been significantly improved in recent
years. Advanced alloy anodes have been developed with along cycle
life of over 300 cycles and a reversible capacity of 500-700 mAh g1,
The capacity fade rates of these alloy materials are as low as 0.07%
per cycle. Simultaneously, the first-cycle irreversible capacity loss
of alloy anodes can be reduced to 50-100mAhg~1, corresponding
to a high initial coulombic efficiency of ~90%. The cause of first-
cycle capacity loss has been attributed to (a) aloss of active material,
(b) SEI formation, (c) Li trapping in the host alloy, (d) reaction with
oxide impurities and (e) the aggregation of active particles. The key
to reducing the irreversible capacity of alloy anodes is to improve
the purity of the alloy material, increase the primary particle size
and reduce the capacity loss incurred by the (carbon) matrix.

The approaches used for improving cycling performance of alloy
anodes include (a) multiphase composites, (b) porous anode struc-
tures, (c) reducing active particle size, (d) intermetallic phases, (e)
thin-film and amorphous alloys, (f) cycling-voltage control and (g)
binder and electrolyte modification. Among these, the multiphase
carbon-matrix nanocomposites showed the most promising per-
formance for practical use. The selection of binder and electrolyte
has significant impacts on the cycle life of alloy anodes. Further
research is needed to address the practical requirements for alloy
anodes including high-rate performance, temperature dependence,
abuse tolerance and long-term stability.
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