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a b s t r a c t

The electrochemical performance of alloy anodes has been reviewed in a previous paper [1]. In this work,
the fundamental understanding of lithium-insertion/extraction mechanism in alloy anodes is discussed.
The article summarizes the different types of lithium-reaction processes observed in Si, Sn, Sb, Al, Mg
and their alloys, with particular emphasis on the characteristics unique to alloy anodes, including the
vailable online 8 September 2010

eywords:
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sloping voltage profiles, lithiation amorphization, cycling hysteresis and reaction-potential depression.
These unique characteristics are discussed with respect to the effect of interface and surface energies on
the phase transformation and thermodynamic stability of fine alloy particles.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Alloy anodes have been considered as one of the most promis-
ng electrode materials for next-generation lithium-ion batteries

lithium insertion [1–4]. In the last few years the electrochemical
performance of alloy anodes has been significantly improved. For
example, a long cycle life of 300 cycles at a capacity of 560 mAh g−1
ue to their high energy densities, relatively low cost, environmen-
al compatibility and safe operation potentials. The disadvantages
f alloy anodes include their short cycle life and high irreversible
apacity loss as a result of the large volume expansion during

E-mail address: zweijun@vcu.edu.

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.08.114
has been reported for a SnSb nanocomposite [5]. In addition, high
initial coulombic efficiencies of ∼90% are obtained for a number of
alloys [1]. The approaches used for achieving such improvement

have been extensively reviewed in previous papers [1–4].

Besides the advances in electrochemical performance,
great progress has been made in understanding the lithium-
insertion/extraction processes in various alloy anodes from pure
Si, Sn, Sb, Al and Mg to their alloy composites [6–68]. The basic

dx.doi.org/10.1016/j.jpowsour.2010.08.114
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zweijun@vcu.edu
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eaction scheme and the corresponding structural change have
een identified using in-situ XRD, high-resolution TEM and EELS
nalysis. However, there are still many questions that remain to
e addressed. For example, it is not well understood why lithium

nsertion in Si anodes leads to amorphous products. It is also
nclear why some anodes exhibit sloping voltage profiles instead
f the flat voltage curves expected for a two-phase reaction.

In this report, the lithium-insertion/extraction processes in var-
ous alloy anodes are reviewed. The unique reaction characteristics
f alloy anodes are discussed. The voltage profiles and peak reac-
ion potentials of different alloy systems are compared. The analysis
uggests that interface (or surface) energy appears to have a great
mpact on the lithium-reaction mechanism in alloy anodes.

. Type of lithium reactions in alloy

The reaction of lithium with a metal or an alloy compound can be
enerally divided into two groups and three different types: group
: (1) solid-solution (insertion) reaction and (2) addition reaction;
roup B: (3) displacement reaction. Reactions (2) and (3) are also
eferred to as reconstitution reaction [6–8].

In group A reaction, lithium ions are added in the reactant phase
ithout displacing (extruding) components from the reactant. The

eaction can be described as:

i + xM ⇔ LiMx (1)

The reactant M can be an element or a compound. The reactions
f lithium with pure elements fall into this category. Depending on
hether or not a phase transformation takes place, these reactions

an be further divided into two types as (1) solid-solution reaction
nd (2) addition reaction. In a solid-solution reaction, no phase or
tructure change occurs in the reactant M when Li enters into its
ramework structure (that is a topotactic reaction) [7]. In an addi-
ion reaction the phase structure of the lithiated LiMx is different
rom the parent phase M; thus, the reaction involves phase change
rom M to LiMx. Li insertion/extraction in crystalline Si, Sn, Al and
b are considered as addition reactions because of the very limited
olubility of lithium in these elements. The reactions of Li with Mg
nd amorphous Si are regarded as solid-solution reactions.

According to Gibbs phase rule, the number of degrees of freedom
in a closed system at equilibrium is given by f = C−P, where C is the
umber of independent components and P is the number of phases
xisting in the system under constant temperature and pressure [7].
or a solid-solution reaction in a Li–M binary system, where only
ne phase exists, C = 2 and P = 1; therefore, the electric potential
f the reaction is a degree of freedom and varies with the lithium
oncentration, meaning that the voltage profile exhibits a sloping
round) shape. While for an addition reaction where two phases
o-exist, the degree of freedom is zero for a binary system, thus the
lectrode potential under equilibrium conditions is independent
f the overall composition. A constant plateau is expected on the
oltage profile for the two-phase equilibrium region.

For group A reaction, the reaction potential EA versus lithium
nder equilibrium conditions can be calculated from the Gibbs free-
nergy change of reaction (1) via Nernst Equation [7]:

A = −�Gm

nF
(2)

here �Gm is equivalent to the free energy of formation of product
iMx, n is the number of electrons involved in the reaction, F is

araday’s constant.

In group B reaction or displacement reaction, lithium reacts with
ne component M of an alloy compound MNy while the other com-
onent N is displaced or extruded from the parent phase [6,8]. The
isplaced element N can be inactive or active towards lithium. For
urces 196 (2011) 877–885

the N-inactive compounds such as Cu6Sn5 [9], CrSb2 [10], SnO [48]
or Sn2Fe [11], the reaction can be written generally as:

Li + xMNy → LiMx + xyN (3)

Some displacement reactions are not reversible, and the
extruded component N does not participate in the subsequent
reaction cycles but acts as a buffering matrix. In this case, the
displacement reaction (3) becomes an addition reaction (1) for ele-
ment M.

The equilibrium potential of a displacement reaction for a
ternary system Li–M–N is independent of the overall composition
due to the presence of three phases in the reaction. Thus, a dis-
tinct potential plateau is expected on the voltage profile according
to Gibbs phase rule. The reaction potential can be calculated using
the Nernst equation (2). However, the Gibbs free-energy change
for this reaction is the free energy of formation of product LiMx

subtracting the free energy required to cleavage x mole of com-
pound MNy. Consequently, the reaction equilibrium potential for
compound MNy is lower than that for pure element M.

When the displaced component N in reaction (3) is active, it
reacts with lithium at a potential lower than that for element M.
This reaction can be considered as a displacement reaction (3) plus
an addition reaction for element N. The active/active alloy exam-
ples include SnSb [12], InSb [8] and Mg2Si [13]. Many active/active
displacement reactions are not completely reversible in later cycles
and the two active components react with lithium independently
as separate addition reactions.

3. Lithium insertion/extraction in various alloys

A number of elements are reactive to lithium; however, only five
of them have been extensively studied, i.e., Si, Sn, Sb, Al and Mg, due
to their low cost, abundant supply and environmental compatibil-
ity [1–3]. In this section, the reactions of lithium with these five
elements and their alloys are reviewed.

3.1. Si-based anodes

Silicon has been widely investigated because of its high theoret-
ical energy density (4200 mAh g−1) [1,4]. Wen and Huggins [14] in
an early study showed that the electrochemical reaction of lithium
with silicon at 415 ◦C follows the equilibrium Li–Si phase diagram,
and the reaction products are Li2Si7, Li7Si3, Li13Si4 and Li22Si5 with
the onset potentials of 332, 288, 158, and 44 mV, respectively.
The Li–Si reaction at room temperature does not appear to fol-
low this scheme. In fact, Li insertion/extraction in silicon at room
temperature has been reported to deviate far from the equilibrium
prediction, and the cycling voltage curves are influenced by both
the Si particle size and the depth of lithiation. Fig. 1 shows the typ-
ical voltage curves observed for Si anodes with the particle sizes
of few microns [15–19]. The first-cycle alloying curves exhibit a
single flat plateau at ∼0.1 V, indicating a single two-phase addition
reaction instead of the multi-phase reactions predicted by the equi-
librium Li–Si phase diagram. Moreover, the subsequent alloying
curves are round-shaped with no potential plateau at all. Mean-
while, the dealloying voltage curves show a strong dependence on
the cut-off potential of alloying. If the anode is fully alloyed to 0 V,
the dealloying curves exhibit a single plateau at ∼0.4 V in all the
cycles, followed by an upwardly sloping region (Fig. 1a). However,
if the anode is alloyed to above 50 mV, the dealloying curves are
round-shaped with no distinct plateau (Fig. 1b).
Detailed XRD studies [19–21] indicated that the crystalline Si
particles are transformed to amorphous LixSi at above 50 mV in the
first-alloying cycle. Because it is a two-phase addition reaction, a
distinct plateau is observed. Below 50 mV, the amorphous phase
is suddenly crystallized to Li15Si4 and the final lithiated product is
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ig. 1. Voltage curves of Ni30Si70 alloy (a) lithiated to 0 V and (b) lithiated to 50 mV
or the first two cycles and then to 70 mV for later cycles [17]. Note that the voltage
lateaus in dealloying cycles disappear when the cut-off voltage for alloying is 70 mV

n (b). Reproduced with permission from The Electrochemical Society.

rystalline Li15Si4. In this case, the subsequent dealloying curves
xhibit a distinct plateau at ∼0.4 V because of the two-phase reac-
ion from crystalline Li15Si4 to amorphous LizSi (z ≈ 2), followed
y a solid-solution reaction from amorphous LizSi to amorphous
i [21]. When the anode is alloyed to above 0.5 mV with the amor-
hous LixSi as the final product, the subsequent delithiation process

s a solid-solution reaction from amorphous LixSi to amorphous
i without phase change, leading to a sloping voltage curve. The
oltages of alloying and dealloying plateaus reported for several
i-alloys at the first cycle are summarized in Fig. 2. The voltages
f alloying plateaus are scattered around 0.1 V and the dealloying
lateaus are at about 0.4 V.

The voltage profiles of Si anodes are also affected by the Si par-

icle size. For Si particles of 50–200 nm, their dealloying curves
re round-shaped with no distinct plateau, even after the anodes
re fully alloyed to 0 V [18,25–30]. Fig. 3 shows an example where
he micron-sized Si sample (SMCp) has a flat dealloying plateau at
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ig. 2. The plateau voltages of the first-alloying cycle (A1) and the dealloying cycle
D1) observed in several microsized Si-anodes. Reference numbers are given in the
raph.
Fig. 3. Voltage–capacity curves for microsized (SiM: 1–10 �m) and nanosized (SiN:
10–100 nm) Si-anodes [18]. Reproduced with permission from Wiley-VCH.

∼0.4 V but the nanosized sample (SNCp) (10–100 nm) shows a slop-
ing dealloying curve even after fully alloyed to 0 V [18]. This type
of behavior has been commonly observed in other studies [25–30].
When the Si particle sizes are further reduced to less than 20 nm,
even the flat plateau at the first-alloying cycle turns to a sloping
shape (i.e., all the voltage curves are round-shaped) [30–32].

For those sloping voltage curves, two broad peaks are often
observed on the corresponding differential-capacity (dQ/dV) plots
in both the alloying and dealloying regimes (see Fig. 4). The peak
potentials of most Si-alloys distribute at ∼0.06 V (Aa) and ∼0.25 V
(Ab) for alloying, and ∼0.3 V (Da) and ∼0.5 V (Db) for dealloying as
shown in Fig. 5. The structural changes responsible for these peaks
are not clearly understood yet. It may be a result of short-range

ordering in the amorphous LixSi-alloys. An in-situ Mossbauer spec-
troscopy study of amorphous Si–Li alloys suggested that the nearest
neighbors for each Si atom change from Si atoms to Li atoms at the
composition of Li2.3Si during alloying [34].

Fig. 4. The differential capacity vs. potential curves for the 2nd charge-discharge
cycle of a pure Si thin-film anode [33].
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Fig. 6. Voltage profiles of (a) an Sb electrode and (b) a TiSb2 electrode after the 1st,

to extrude component M from the MxSn-alloy in a displacement
reaction.
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or silicon-alloy anodes in alloying (Aa and Ab) and dealloying (Da and Db) cycles
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Similarly, the voltage curves and phase transformation in amor-
hous Si thin-film anodes are affected by the film thickness, surface
oughness and alloy additions [20,30,31]. It has been reported that
he crystalline Li15Si4 phase forms only in amorphous Si films with
thickness larger than the critical value of ∼2 �m (similar to the

ritical particle size for Si powders) [20]. Thicker Si films exhibit
at dealloying-voltage curves, while thinner films show sloping
urves. However, Kim et al. [30] observed in a multilayer amor-
hous Fe/Si anode that crystallization becomes evident when the
i layer is thicker than 200 nm. They further noted that the for-
ation of crystalline Li15Si4 phase is suppressed when the film is

eposited on a rough surface. The relatively low critical thickness
or crystallization in the Fe/Si films as compared to pure Si films may
rise from the promoting effect of Fe/Si interfaces on the crystallite
ucleation.

The displacement reaction of lithium with Si-based alloys such
s CaSi2 [35], FeSi6 [24], TiSi [36] and Mg2Si [13] has been inves-
igated. The voltage profiles of these Si-based anodes are similar
o those of pure Si anodes as mentioned above. Lithium insertion
n Mg2Si was claimed to form a ternary intercalated compound
ixMg2Si [13].

.2. Sb-based anodes

In contrast to Si-alloys, the voltage profiles of most Sb anodes
xhibit well-defined plateaus during alloying and dealloying
37–41]. Fig. 6a shows an example of an Sb/C nanocomposite with
he Sb particle size of 10–30 nm. It appears that the voltage profiles
f Sb anodes are not affected by their particle size if the particles
re larger than 10 nm. However, when the particle sizes are smaller
han 5 nm, the voltage curves become round-shaped as shown in
ig. 6b for a Ti2Sb-alloy. The Ti2Sb particles were converted into
ne Sb crystals of 2–3 nm through displacement reaction after the
rst cycle [40]. It appears that the critical particle size for the tran-
ition from flat to sloping voltage curves for Sb-alloys is about 5 nm,
hich is smaller than that for Si-alloys (∼20 nm).

Fig. 7 summarizes the plateau voltages for the first-cycle alloy-
ng (A1), the later-cycle alloying (A2) and the first-cycle dealloying
D1) for Sb and Sb-based alloys. The alloying and dealloying volt-
ges for pure Sb anodes are ∼0.85 V and ∼1.05 V, respectively. The

lateau voltages for the later cycles are quite close to those of the
rst cycle. However, the first-cycle alloying potentials for some
b-based alloys are obviously lower than that of pure Sb anodes,
.g., 0.33 V for TiSb2, 0.65 V for Cu2Sb and 0.4 V for NbSb2. After
he first-alloying cycle, the reaction voltages of Sb-based alloys are
2nd, 5th and 10th cycles [40]. Reproduced with permission from The Electrochem-
ical Society.

very close to those of pure Sb anodes. The lower alloying potentials
for Sb-based alloys at the first cycle is due to the reduced free-
energy change (�G) in Eq. (2), because additional energy is required
Sample Number

Fig. 7. The plateau voltages of Sb-based alloy anodes: A1 (first-cycle alloying), A2
(later-cycle alloying), D1(first or later-cycle dealloying). The references are given in
the graph.



W.-J. Zhang / Journal of Power Sources 196 (2011) 877–885 881
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Fig. 9. Peak potentials on the differential capacity vs. voltage curves for (a) alloying
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Fig. 8. Voltage profiles and the corresponding differential-p

.3. Sn-based alloys

The Li–Sn binary-phase diagram suggests that there are
ight crystalline phases at room temperature: Sn, Li2Sn5, LiSn,
i7Sn3, Li5Sn2, Li13Sn5, Li7Sn2 and Li22Sn5. The lithium-reaction
otentials for LiySn phases determined from the coulombic
itration curves at room temperature are: 0.66 (y = 0.4–0.7,
n–Li2Sn5), 0.53 (y = 0.7–2.33, LiSn–Li7Sn3), 0.485 (y = 2.33–2.6,
i5Sn2–Li13Sn5), 0.42 (y = 2.6–3.5, Li13Sn5∼Li7Sn2) and 0.38 V
y = 3.5–4.4, Li7Sn2–Li22Sn5) (49). Some of the predicted equilib-
ium reactions have been confirmed by the in-situ XRD analysis
f a Li-SnO cell. The dominant phases during the lithium-alloying
egime were identified to be Sn (0.66 V), Li2Sn5 (0.55 V) and LiSn
0.41 V) (48, 50). The formation of Li-rich phases such as Li7Sn3 and
i22Sn5 at below 0.31 V was observed but could not be distinguished
xclusively, because the structures of these phases are quite simi-
ar. The final lithiated product in Sn-based alloys was determined to
e Li22Sn5. During delithiation the XRD patterns indicated the for-
ation of LiSn at 0.78 V and Sn at 1.0 V. The dealloying potentials

re apparently higher than the equilibrium values.
Although some equilibrium-lithiation products have been

bserved in Li–Sn cells, the voltage curves of many Sn-based anodes
o not have a distinct plateau as expected for a two-phase reaction.
ig. 8 shows the voltage profiles and the corresponding differential-
apacity curves for two Sn-based alloys. The first alloy (Sn2Fe)
as round-shaped curves with one or two less-defined plateaus
11], while the second alloy (CoSn) has completely sloped volt-
ge profiles [51]. For both alloys, broad peaks are observed on the
ifferential-capacity curves.

The differential-capacity peaks reported for Sn and Sn-based
lloys are compared in Fig. 9. For pure Sn anodes there are nor-
ally three peaks observed in the alloying regime and four peaks in
he dealloying (a differential-capacity curve for pure Sn is shown in
ig. 10). For the Sn-based alloys only one or two peaks are observed.
his result suggests that the lithium-reaction mechanism in Sn-
ased alloys strongly depends on the alloy composition. The peak
otentials are quite consistent for all the alloys shown in Fig. 9: Fig. 10. The differential capacity vs. voltage curves for a Li–Sn cell [5].
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Fig. 11. Schematic illustration of the equilibrium Gibbs free-energy curves for crys-
talline Si, lithiated phase LixSi and amorphous phase AM at infinite sizes (solid lines);
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.36, 0.48 and 0.65 V in alloying, and 0.42, 0.56, 0.69 and 0.78 V in
ealloying. Based on the in-situ XRD result aforesaid [48], it is rea-
onable to speculate that the first two peaks in the alloying cycle
0.65 V and 0.48 V) and the last two peaks in dealloying cycle (0.69 V
nd 0.78 V) correspond to the Sn–Li2Sn5 and Li2Sn5–LiSn reactions,
espectively. The lack of distinct plateaus on the voltage curves of
n-based alloys will be further discussed in later section.

.4. Intermetallic alloys

Lithium reaction with intermetallic alloys such as Cu6Sn5, SnSb,
nSb and Cu2Sb has been extensively investigated [8,9,12,44,56].
he purpose of using compound alloys is to create a Li-insertion
ost that maintains a strong structural relationship with the inter-
ediate and the lithiated phases to minimize the volume expansion

uring reaction [44,57]. Generally, the reactions of lithium with
ntermetallic alloys are displacement reactions because one com-
onent is extruded from the parent compound during lithiation.
owever, it has been reported that lithium insertion in several

ntermetallic alloys results in the formation of intercalated prod-
cts such as LixInSb [38,58,59], Li2CuSn [60] and Li2CuSb [9,61,62].
or example, Thackeray and co-workers [60,61] proposed based
n in-situ XRD analysis that the lithiation of Cu2Sb took place by
orming an intermediate phase, Li2-xCu1+xSb (x = 0–1), with the con-
urrent extrusion of amorphous Cu before the formation of final
ithiated product Li3Sb.

.5. Al and Mg alloys

In the Al–Li system there are three possible lithiated products
iAl, Li3Al2 and Li9Al4 at room temperature according to the binary
hase diagram [63]. However, it was observed in electrochemical
ests that lithium insertion in aluminum led to the formation of
iAl with a maximum capacity of 992 mAh g−1, although crystalline
iAl was not identified by the XRD analysis [63–65]. The reaction
xhibits a single voltage plateau at ∼0.26 V in alloying and ∼0.43 V
n dealloying during the first cycle [63,65].

The Li–Mg binary alloy system is a very attractive anode candi-
ate, because a solid-solution Li–Mg region covers the entire range
rom 30% to nearly 100 at.% Li [3,66]. Only a few studies have been
erformed on the Li–Mg alloys due to the low reaction potential
nd high reactivity of Mg [13,66,67]. The lithium insertion in Mg
ccurs at a potential very close to that of Li-metal, which raises
afety concerns related to lithium deposition [13,52,67,68]. Two
hases were identified by the XRD analysis during the Li insertion

n Mg: one Mg-rich phase (�) and one Li-rich phase (�). Two corre-
ponding peaks were observed in the differential-capacity curves
67]. The Li-extraction from Mg-rich phase was observed to be
nly partially reversible, which may limit the cyclic performance
f Mg-containing alloys [67,68].

. Discussion

The reaction of lithium with alloy anodes is a complicated pro-
ess, which involves the conventional nucleation and growth of
ew phases along with charge transfer, volume expansion, plas-
ic deformation and grain refinement [6]. As discussed above, the
ithium-insertion/extraction processes in alloy anodes exhibit sev-
ral unique features such as (a) amorphization in silicon, (b) sloping
oltage profiles for small particles and (c) cycling-voltage hystere-
is. In this section, these unique characteristics are discussed in

elation to the influence of several factors on the thermodynam-
cs and kinetics of phase transformation in alloy particles. One
actor of particular interest is the effect of interface energy on
he nucleation and growth of a new phase in alloy system. Inter-
ace energy has been reported to significantly affect the phase
and the total free-energy curves for the corresponding nuclei of small sizes: Sin ,
LixSin and AMn (dash lines). The total free energy of a stable nucleus is higher (less
negative) than the equilibrium Gibbs free energy due to the additional interface
energy.

transformation in nano-scaled materials [69–75]. For example, the
high-temperature fcc-� phase can be stabilized at room temper-
ature in Fe crystals if the crystal size is smaller than 50 nm [71].
Modeling and experimental studies also suggested that high inter-
face and surface energies may alter the voltage profiles of nanosized
lithium-insertion materials such as TiO2 and FePO4 [71–77]. Note
that the current discussion is not intended to provide solid answers
to the challenge questions but to intrigue more studies in this
area.

4.1. Silicon amorphization

As mentioned in section 3.1, lithium insertion in crystalline Si
and its alloys leads to the formation of amorphous products rather
than the equilibrium crystalline phases (LixSi). Amorphization also
takes place in the dealloying cycles. It was proposed in a previous
paper that the amorphization of silicon was due to the lower free
energy (less negative) of the metastable amorphous Li–Si phase
compared to the equilibrium crystalline phases [78]. The lower
voltage plateau of 0.1 V observed in the first-alloying cycle as com-
pared to the equilibrium potential of 0.33 V was considered in the
previous study as a proof of the low free energy of the amorphous
phase. According to their proposed model, the cycling voltages of
Si anodes in the following alloying cycles should be in the range
of 0–0.1 V due to the much lower free energy of the amorphous
LixSi phase. In contrast, many Si anodes cycled in the voltage range
of 0–0.3 V in the subsequent alloying cycles (from amorphous Si
to amorphous LixSi), which are very close to the equilibrium volt-
ages for crystalline phases (see Fig. 1). These experimental results
indicate that the free energy of amorphous LixSi phase seems to be
quite close to that of the crystalline LixSi alloy.

The formation of amorphous Li–Si phase instead of crystalline
LixSi alloy in Si anodes is probably due to the large nucleation-
energy barrier for the formation of crystalline LixSi phase, resulting
from the high interface energy (and strain energy) [70,71,78]. To
facilitate the discussion, a schematic illustration of the energy
curves for the Li–Si system is shown in Fig. 11. The free energy
of the amorphous Li–Si phase (AM, solid line) under the equilib-

rium condition is higher than that of the two-phase mixture of Si
and LixSi (the dotted line a–b). Therefore, a two-phase region of
Si + LixSi is predicted in the equilibrium phase diagram. Note that
the equilibrium free-energy curves (the solid lines) of Si, LixSi and
AM phases refer to the phases of infinite size. In other words, the
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ing cycles are always lower than those in dealloying cycles (see
ig. 12. The total free energy of a spherical nucleus as a function of the nucleus size.
stable nucleus must overcome the maximum nucleation-energy barrier G* and

ttain the critical nucleus size R* to grow continuously.

rain (or particle) sizes of the said phases are large enough that the
nterface (or surface) energy is negligible compared to the volume
nergy of the phase.

But in a real alloy system, the formation of a new phase � in
parent phase � starts with a nucleus of very small size and the

rowth of this nucleus needs to overcome an energy barrier G*, as
llustrated in Fig. 12, because the formation of nucleus � in � phase
reates an interface between them. The interface energy (positive)
ncreases with r2 while the volume energy (negative) decreases

ith r3, where r is the radius for a spherical nucleus. As a result, the
otal free energy (G) of the system is actually positive at the early
tage of nucleation, see Fig. 12, and the nucleus is thermodynam-
cally unstable until it reaches the critical size R* at the maximum
nergy G*. A higher interface energy leads to a larger critical nucleus
ize R*.

Because of their close-packed lattice structure, metal and alloy
hases are expected to have much higher interface (surface) ener-
ies than those compounds with low packing densities. Phase
ransformation in metals and alloys may thus be more dramatically
ffected by the interface energy. As illustrated in Fig. 11, the actual
otal energy of a stable LixSi nucleus (LixSin, dash line) formed in
parent Si phase is well above the equilibrium free energy of that
hase (LixSi, solid line). Similarly, the total formation energy of a
table amorphous Li–Si nucleus (AMn, dash line) is also expected
o be higher than the equilibrium value (AM, solid line). It is plau-
ible to assume that the interface energy and the resultant energy
ncrease for amorphous phase are lower than that for the crystalline
hase because of the disordered structure and low packing density
f amorphous phase. Therefore, the formation of a stable amor-
hous Li–Si nucleus (AMn) is thermodynamically more favorable
han the formation of a crystalline nucleus LixSin due to the higher
otal energy of the latter (Fig. 11). As a result, lithium insertion in
i takes place as a two-phase reaction from crystalline Si to amor-
hous Li–Si (gray solid line a–c) instead of the equilibrium reaction
rom Si to crystalline LixSi (dotted line a–b). The relatively low reac-
ion potential for the formation of amorphous nucleus (AMn) (i.e.,
he slope of line a–c) as compared to the equilibrium potential for
rystalline LixSi (the slope of line a–b) may originate from the lower
ree energy of amorphous phase and the higher interface energy for
he crystalline nucleus.
The same scenario may occur during the lithium-extraction
eaction if the lithiated phase is crystalline LixSi (i.e., Li15Si4 phase).
nstead of forming crystalline Li–Si or Si phase according to the
quilibrium line b–a, an amorphous Li–Si nucleus grows follow-
urces 196 (2011) 877–885 883

ing the line b–d in Fig. 11. If no crystalline phase formed in the
first-alloying regime, lithium extraction from the amorphous LixSi
phase is thus a solid-solution reaction with no phase change (fol-
lowing the AM free-energy curve if the particle is large enough).
The same process repeats in the later cycles when the lithium inser-
tion/extraction takes place in the amorphous phases, resulting in
sloping voltage curves as observed in Fig. 1. Obviously, this hypoth-
esis needs to be validated by further modeling and experimental
works.

4.2. Formation of crystalline Li15Si4 phase

The sudden crystallization of Li15Si4 phase in coarse Si pow-
ders/films after lithiated to below 50 mV can also be interpreted
based on the hypothesis discussed above. As shown in Fig. 11,
lithium insertion in amorphous LixSi phase increases the Li concen-
tration toward the end composition of Li15Si4 [21]. The total energy
of the lithiated phase is between the line AMn and line AM depend-
ing on the size of the amorphous particle. At the end of lithiation,
the composition of amorphous phase LixSi is very close to that of
the crystalline phase (Li15Si4). The equilibrium free energy of the
crystalline phase (point b) is lower (more negative) than that of the
amorphous phase. But phase transformation from amorphous LixSi
to crystalline Li15Si4 through nucleation is still not feasible because
of the required high interface energy. However, phase change with-
out nucleation is thermodynamically favorable if the particle size
of the amorphous phase is large enough that the increase of sur-
face/interface energy due to crystallization is minimal compared
to the decrease of volume energy. Phase transformation can pro-
ceed via a non-diffusional process with no composition change (e.g.,
martensitic transformation). In this case, once the phase transfor-
mation takes place, the entire amorphous particle will transform
suddenly into crystalline phase through the short-range atom rear-
rangement [70]. A similar process has been proposed for lithium
insertion in nanosized TiO2 and FePO4 materials [73,79].

Note that the sudden crystallization occurs only in relatively
large Si particles. For smaller particles, crystallization is thermo-
dynamically unfavorable because the required interface energy
increase from amorphous to crystalline Li15Si4 particles cannot be
compensated by the volume-energy decrease due to the large sur-
face areas of small particles. This may explain why crystallization
has been observed only in microsized Si powders and films (>2 �m)
[19,20]. An exceptional situation is when the crystallized Li15Si4
phase can develop a coherent interface with the surrounding matrix
so that the interface-energy increase is minimized. The observa-
tion of crystalline Li15Si4 formation in a thinner (∼200 nm) Fe/Si
multilayer film appears to be such a case [30]. The formation of
a coherent interface between the crystalline Li15Si4 and Fe layers
is expected to reduce the total interface energy, therefore, crystal-
lization can take place in a relatively thinner film. This speculation
consists with the observation that crystallization was suppressed
when the film was deposited on a rough surface where a coher-
ent interface (straight) could not be established. The observation
of crystalline Li15Si4 solely in large microsized Si particles indi-
cates that the interface/surface energies of crystalline LixSi-alloys
are considerably high.

4.3. Voltage curve hysteresis

The voltage curves of alloy anodes often display a gap between
the alloying and dealloying cycles, and the plateau voltages in alloy-
Figs. 1, 6 and 8). This cycling hysteresis has been considered in sev-
eral papers as a result of polarization due to kinetic limitations.
However, it was found in a detailed study that the gap could not be
eliminated by reducing the current rates or by taking into account
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f the heat released. Instead, the gap was likely resulted from the
ctivation energy required for bond-breaking [80]. As shown in
igs. 5, 7 and 9, the plateau or peak voltages reported in differ-
nt studies are quite consistent for each alloy system (Si, Sb and
n). These systematic shifts were not likely resulted from electrode
olarization but from the additional energy required for nucleation
s shown in Fig. 11.

Taking the Sb-alloy as an example (Fig. 7), the alloying and deal-
oying plateau voltages for Sb and Sb-based alloys are ∼0.85 V and
1.05 V, respectively (except for the first-alloying cycle for some
n-based alloys). The equilibrium-reaction potentials for the for-
ation of Li2Sb and Li3Sb are 0.948 V and 0.956 V, respectively [49].

his means that the voltage plateaus of Sb anodes shift lower in
lloying cycles and higher in dealloying cycles by about 0.1 V ver-
us the equilibrium potential of ∼0.95 V. A similar behavior was
lso observed in Si-alloys (Fig. 5); the dealloying peak voltages of
.3 V and 0.5 V are ∼0.25 V higher than the corresponding alloying
eak voltages of 0.06 V and 0.25 V, although the exact phase trans-
ormation responsible for these peaks is not completely clear. This
ystematic shift of reaction voltages may be related to the interface-
nergy (and strain energy) terms added in the Nernst equation (2).
or insertion materials with low interface energy and small volume
hange, the reaction potential can be calculated from the Gibbs for-
ation energy (�Gm) using the Eq. (2). But for alloy anodes with

igh interface energy and large volume change, the interface and
train energies required for creating a lithiated phase at a stable
ize is not insignificant. Therefore, an additional-energy term �Gis
interface + strain energy) needs to be added in the Nernst equation
2). The term �Gis is always positive, whereas the �Gm is negative
or alloying and positive for dealloying. Therefore, the addition of

Gis results in a lower potential in alloying cycles and a higher
otential in dealloying cycles relative to the equilibrium potential,
s being widely observed in Si and Sb-based alloys. A similar poten-
ial shift is also expected to be seen in Sn-based anodes (Fig. 9) if
he complex reaction scheme for these alloys is clarified.

.4. Sloping voltage curves for nanosized alloy anodes

The voltage profiles of alloy anodes tend to become sloped when
heir particle sizes are small. Nanosized Si-alloys (Fig. 3) and Sn-
lloys (Fig. 8b) exhibit entirely sloped voltage curves in both the
lloying and dealloying cycles, even though flat voltage curves are
xpected for all these anodes according to the Gibbs phase rule. The
oltage profiles of Sb-alloys also become round-shaped when their
article sizes are smaller than 5 nm (Fig. 6b).

Voltage curve rounding-off has been observed in other nano-
ized insertion materials [75,76,81]. The sloping voltage curves
bserved in nanosized TiO2 and FePO4 have been attributed to
he increased solid-solution region between the pristine and lithi-
ted phases, resulting from the high surface or interface energies
n nanosized particles [71,73,77]. As shown in Fig. 12, as the par-
icle size decreases, the total energy of a two-phase reaction in a
mall particle will be dominated by the surface/interface energy
nstead of volume energy. As a result, the energy gain due to phase
eparation (that is forming a second-phase nucleus), represented
y the free energy of mixing, will decrease for small particles. The
ucleation of a new phase in these particles will eventually become
hermodynamically unstable when their particle sizes are smaller
han a critical value, and the particles prefer to form a solid solution
ith Li over the whole compositional range [73]. In other words,

he thermodynamically-favorable reaction changes from addition

eaction for large particles to solid-solution reaction for smaller
articles. The sloping voltage curves observed in nanosized alloy
articles may thus be considered as a result of extended solid solu-
ion with Li in these alloy particles. Modeling of the surface-energy
ffect in nanosized particles suggests that reducing the particle size
urces 196 (2011) 877–885

to a certain extent leads to the rounding-off of the voltage curves
and the shift of reaction potential [71,72,74]. According to one
model, a broad particle size distribution in nanosized alloy powders
may also lead to a varied reaction potential [74].

The sloping voltage profiles of nanosized alloy powders can
also be interpreted from the structural point of view. Nanosized
materials can be considered to consist of two components: a crys-
talline component formed by all atoms located in the crystal lattice
and an interfacial component of the atoms located at the inter-
face (surface). The interface (surface) component can be considered
as amorphous material because their atoms are randomly located
[82]. For a material with its crystal size smaller than 10 nm, the vol-
ume fraction of the interfacial/surface component is higher than
50%. Therefore, these tiny particles can be treated partially as
amorphous particles, in which Li insertion/extraction takes place
through a solid-solution reaction.

The critical particle size for the transition from a flat to sloping
voltage curve is ∼20 nm for Si-anodes and ∼5 nm for Sb anodes.
The larger critical size for Si-alloys compared to Sb-alloys is another
indication that the surface, and interface energies of Si-alloys are
relatively high.

4.5. Potential impacts on battery-cell design

Understanding the lithium-reaction mechanisms has significant
implications on battery design and performance prediction. In par-
ticular, the dependence of voltage profiles on particle sizes in alloy
anodes needs to be seriously considered. It is well known that alloy
particles subject to particle refinement (to few nanometers) dur-
ing repeated cycling [5,40,83]. Accordingly, the performance such
as energy output of the battery cells with an alloy electrode may
be progressively altered in their service life due to the change of
particle size. Furthermore, the tiny alloy particles formed during
cycling refinement are energetically unstable due to their high sur-
face energy. They tend to merge or agglomerate into large particles
or form surface-electrolyte-interface films especially at relatively
high operation temperature. This may in turn change the voltage
profiles of the cells. Therefore, it is vitally important to examine
the long-term cyclic and calendar performance of alloy electrodes.
The influence of charge rate on the lithium-reaction mechanism in
alloy anodes also needs further consideration.

It has been reported that the migration of trace amount of tran-
sition metal ions from cathodes such as LiFePO4 or LiMn2O4 to the
graphite anode severely degrade the cyclic performance of lithium-
ion batteries due to their catalytic effect on the formation of SEI
films [84,85]. The influence of metal ion contamination on the per-
formance of alloy anodes is not expected to be as severe as in
graphite anodes because a trace amount of these transition metals
are likely soluble in alloy anodes.

5. Conclusions

The lithium-insertion/extraction mechanisms in Si, Sb, Sn, Al,
Mg and their alloys are reviewed. Lithium reactions in alloy
anodes can be generally divided into (a) solid-solution reaction, (b)
addition reaction and (c) displacement reaction. The reaction mech-
anism appears to depend strongly on the alloy particle size. The
voltage curves of smaller alloy particles tend to be round-shaped.
The formation of crystalline Li15Si4 was observed only in microsized
powders after lithiated to below 50 mV. Lithium reaction with sil-
icon at room temperature does not follow the equilibrium scheme

and amorphous lithiated products are generally observed instead
of crystalline compounds. The formation of amorphous products in
Si-alloys and the dependence of voltage profiles on alloy particle
sizes are likely related to the high interface (surface) energies of
alloy particles.
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The voltage curves of alloy anodes exhibit a distinct alloy-
ng/dealloying hysteresis. The alloying voltage plateaus are
ormally lower than the dealloying potentials. This voltage hys-
eresis appears to arise from the additional interface energies
equired for the nucleation and growth of reaction products.
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