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TOPICAL REVIEW — Fundamental physics research in lithium batteries
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Progress in the research on phase transitions during Li™ extraction/insertion processes in typical battery materials
is summarized as examples to illustrate the significance of understanding phase transition phenomena in Li-ion batteries.
Physical phenomena such as phase transitions (and resultant phase diagrams) are often observed in Li-ion battery research
and already play an important role in promoting Li-ion battery technology. For example, the phase transitions during
Li™ insertion/extraction are highly relevant to the thermodynamics and kinetics of Li-ion batteries, and even physical
characteristics such as specific energy, power density, volume variation, and safety-related properties.
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1. Introduction

The phenomenon of phase transitions and the resultant
phase diagrams in Li-ion batteries (LIBs) are often observed in
the synthesis of materials, electrochemical reaction processes,
temperature changes of batteries, and so on. Understanding
those phenomena is crucial to design more desirable materials
and facilitate the overall development of LIBs. For instance,
if the conditions of phase transition such as sintering tempera-
ture or composition are well known, more excellent materials
for LIBs can be designed and prepared.!!! Such knowledge
is also beneficial for choosing an electrolyte that is more sta-
ble during the electrochemical reaction process.!?! Thermody-
namics and kinetics of phase transition have to be discussed
first, as far as the study of phase transition is concerned. It
should also be noted that the investigations and understanding
of those phase transitions in LIBs now from macro to micro
and from thermodynamics to kinetics are gradually being re-
alized on the basis of newly developed advanced characteriza-
tion techniques. Thus, advanced study tools play a significant
role in understanding phase transition clearly and in depth.

1.1. Thermodynamics of phase transition

The thermodynamics of phase transition may be used to
estimate whether one kind of phase transition reaction can oc-
cur or not. Usually, transformations between different order-
ing structures or from ordered to disordered structure occur
during the process of phase transition. Phase transitions were
first classified by Paul Ehrenfest according to the continuity
of thermodynamic potential as well as its derivative. Thermo-
dynamic potential can be defined as I’ = F + PV, where F is
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free energy. The phase transitions during the electrochemical
process in LIBs due to Lit extraction/intercalation have been
investigated widely. For this kind of phase transition, Gibbs
free energy is adopted. The most direct expression of ther-
modynamics can be described using the Nernst equation as
follows:

AG® = —nFE".

Here, n is the quantity of transferred electrons per mole elec-
trode materials in the oxidation or reduction reactions; F is
the Faraday constant (F = 96485 C/mol); E® is the thermo-
dynamic equilibrium potential at the standard condition; and
G is the Gibbs free energy of formation. Two kinds of phase
transitions can usually be observed as electrochemical reaction
types during the Li™ extraction/intercalation process.

One is first-order phase transition, which typically ap-
pears in such electrode materials as LiFePO4. Its charge—
discharge curves can usually be presented as “L” shapes,
indicating a clear potential plateau during LiT extrac-
tion/intercalation due to formation of a distinct new structural
phase. The voltage can be calculated as follows:

LiFePO4 = xLi+ xFePOy4 + (1 — x)LiFePOy,
A:G = xAsG(Li) +xA¢G(FePOy)
+ (1 —x)A¢G(LiFePOy4) — AyG(LiFePOy)
xA¢G(FePO4) — xA;G(LiFePOy)
—xFE,
E = [AtG(FePOy4) — A;G(LiFePOy)]/(—F).
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The second behaves as a second-order phase transition. A
typical charge—discharge “S” shape curve is usually observed,
meaning a continuous change in electrochemical potential due
to continuous formation of solid solution phases. It can be seen
in most of the range of Li™ extraction/intercalation in LiCoO;.
The voltage can be calculated as follows:

LiCoO; = xLi+Li;_,CoO;,
AG = ArG(Lij—Co0,) — A;G(LiCo0,)
—xFE,
[AfG(Li;_xC003) — A;G(LiC00,)]/(—xF).

E

1.2. Kinetics of phase transition

Phase transition can occur according to the thermody-
namics, but this does not mean that the phase transition re-
action can really be observed, due to the kinetics limitation.
It is associated with the speed of the phase transition reac-
tion. The speed of the electrochemical reaction during the
process of Lit extraction/intercalation is not only related to
intrinsic ionic and electronic transfer of materials, but is also
related to the interface between electrode and electrolyte. It
is a complex and continuous reaction process. The inferior
kinetics during the process of Li™ extraction/intercalation can
cause huge polarization and thus an incomplete electrochem-
ical reaction or even a disappearance of reaction. In order to
improve the phase transition reaction speed of electrode ma-
terials, researchers have put forward many solutions, such as
decreasing the size of the primary particle!’ and foreign ele-
ment doping,* to improve the ionic and electronic conductiv-
ity of the electrode materials. However, the nanocrystalliza-
tion method cannot solve all the polarization problems.>! Un-
til now, most of the research work on phase transition during
the process of Li" extraction/intercalation has been performed
from the aspect of thermodynamics. With the rapid develop-
ment of modern advanced characterization tools, especially for
micro-, nano- and in situ techniques, kinetic investigations of
phase transition reactions are being realized gradually. There-
fore, advanced characterization tools become more and more
important for thoroughly understanding the nature of phase
transition reactions.

2. Characterization methods of phase transition

Almost all the research methods used to study the mate-
rial structure in other fields can also be applied to investigat-
ing the phase transitions of LIBs. Among them, x-ray diffrac-
tion (XRD) technology is the most direct method to distin-
guish the phase structure of LIBs materials. Thus, it has been
widely used in researching phase analysis and studying phase
transitions.[®! However, some special phase structures cannot
be distinguished well by the diffraction method, so other local

characterization methods such as Raman spectra have to be
adopted.!”! Transmission electron microscopy (TEM) is also
a powerful tool to get the microstructure information of ma-
terials, especially to obtain high spatial resolution.®! Only
recently could lithium ions be seen directly via electron mi-
croscope imagery, by using the spherical aberration correc-
tion electronic microscopy.!®! Some in situ experimental tech-
niques are also being developed to understand in depth the
structural changes of electrode materials during Li* extrac-
tion/insertion. The characterization methods now available
for LIBs, with different spatial resolution levels, have been
summarized,!'%! as shown in Fig. 1. The nature of phase tran-
sition processes will be better described by combining those
methods in the future.

0.1-0.5A 0.05—1nm 1—10 nm 10—100 nm 0.1—10 pm 0.01-10 mm

NMR, ESR
SAED

XRD, ND

SPM (STM, AFM, ESM, Kelvin, Force curve...)
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time resolution
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Fig. 1. Characterization techniques with different spatial resolution. ']

Phase transitions can also be studied by such theo-
retical methods as first principles calculation.  Theoret-
ical calculations can guide us in developing new elec-

trode materials,[!1-13]

optimizing structures of multiphase
materials,['! stabilizing the phase under different experi-
mental conditions, >3] exploring the paths of reaction or
decomposition,'* etc. Some research results will be men-
tioned below. Ceder’s group at M.L.T., by combining first
principles calculations with a crystal structure database, cal-
culated properties of a large number of LIB electrode mate-
rials. This kind of research is named the “materials genome
initiative (MGI)”.

Below, three typical electrode materials, LiCoO,,
LiFePO4 cathode and Si anode, are taken as examples to illu-
minate the study of phase transitions during the process of Li™
extraction/intercalation in LIBs from the viewpoints of ther-

modynamics, kinetics, and characterization methods.
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3. Phase transition in typical cathode and anode
materials

3.1. Layered LiCoO,

The first commercialized cathode material of LIBs is the
layered LiCoO,, which still dominates the portable electric
device market due to high volumetric density.[!>1%! LiCoO,
prepared by a conventional high-temperature solid state re-
action method has an O3 structure in which the oxygen an-
ion has a cubic close-packed arrangement in the form of AB-
CABC. During the electrochemical process, many complex
phase transitions, especially in the lithium extraction stage are
involved. In the past 30 years, plenty of investigations have
focused on these phase transitions to understand the reactions
and structural evolution mechanisms. The main investigations
with respect to thermodynamics and dynamics are summa-
rized here.

The pioneering work on identification of phase transi-
tions during Li" insertion/extraction process was carried out
by Dahn and Ohzuku et al.l'’""1 As x varies from 1.0 to
0.3, Li,CoO;, evolves mainly in successive solid solution
forms, which are considered to be second-order phase tran-
sitions. However, during the course, three first-order phase
transitions are also clearly observed, as shown in Fig. 2. Two
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Fig. 2. Unit cell constants (a), (b) and cell volume (c) as functions of
lithium concentration x in Li,CoO», as well as a global phase diagram (d)
based on the results (a)—(c) for Li,C00O,.!!7]

first-order phase transitions occur at around x = 0.5, which
are related to transformation between hexagonal II and mon-
oclinic phases. The driving force for the phase transitions
(x = 0.5) was found to come from the order/disorder transi-
tion of Li*.l720] The third first-order phase transition hap-
pens in the range of 0.75 < x < 0.93, which is ascribed to the

5.21:221 The experi-

electronic effect of transitional metal ion
mental results show that the two phases were both of hexag-
onal crystal structure with similar lattice constants, based on
the repeated XRD analysis of Li,CoO, (0.75 < x < 0.93).11%]
Delmas et al.!>'! demonstrated that the two phases coexist for
0.75 <x <0.93, ascribed to a metal—insulator transition rather
than structure. The metal-insulator transition was attributed to
the electric effect of variation of Co3T to Co**, from "Li MAS
NMR results. Afterward, Ceder ef al.[*?! identified the mech-
anism of this previously anomalous metal—insulator transition
as a Mott transition of impurities, via density functional the-
ory (DFT) calculations on large supercells. DFT calculations
reveal that for dilute Li-vacancy concentrations the vacancy
binds a hole and forms impurity states, yielding a Mott insula-
tor.

The phenomenon of phase transitions occurring in
Li,CoO; in the low Li content range (0 < x < 0.5) are some-
what difficult to make clear according to the reports.[!7-28]
The earlier works by Ohzuku and Ueda!'”! indicate that the
reaction proceeds in a topotactic manner, i.e., two-phase re-
actions (0 < x < 1/4 and 3/4 < x < 1) and a single-phase
reaction (1/4 < x < 3/4) in Li,CoO,. Another monoclinic
phase (a =491 A, b=2.82A, c=502A, and B = 111.4°)
was observed in 1/4 < x < 0 in addition to that at about
x=0.55(@=490A b=281 A, c=505A, 8=1083°).
Possible lithium ordering at x = 1/4 and 3/4 for this type of
material was described in terms of a [2x2] superlattice in a tri-
angular lattice of sites. In 1996, structural characterization of
Li,CoO, with x values was studied for the first time via in situ
x-ray diffraction. >3] The analysis reveals that as x approaches
0 an increase in crystallographic quality occurs, rather than
the expected destruction of the core structure of Li,CoO; by
a drastic increase in structural disorder. For the first time,
the end member CoO, phase was isolated and detected. This
CoO, phase was certified to be a hexagonal single-layered
phase (O1 stacking, Fig. 3(a)) and had lattice parameters of
a=12.822 A and ¢ = 4.29 A. These results are well supported
by theoretical calculations from Ceder’s group.>¥ Ceder et al.
investigated phase transitions in the layered oxide Li,CoO; in
a larger range (x < 0.4) by first principles calculation, giving
such different structural types as O1, O3, and H1-3 according
to oxygen stacking manner and Li occupation sites, as seen
in Figs. 3(a)-3(c). As to common LiCoO,, the oxygen planes
are stacked according to an ABCABC arrangement, and the
host is conventionally referred to as O3 (Fig. 3(b)). Amatucci
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Fig. 3. Schematic illustration of the three host structures of Li,CoO,: Ol (a), O3 (b), and H1-3 (c). The vertices of the octahedra correspond to oxygen
ions. Upper case letters describe the stacking of the close-packed oxygen layers. (d) Free energy curves as a function of Li concentration at 7 = 30°; regions
separated by vertical dashed lines indicate the concentration intervals in which different host structures are stable. >4l

et al.””3 have verified that O3 is unstable, as it is completely
deintercalated, and the hexagonal form of CoO;(referred to
as O1) with an ABAB oxygen stacking is obtained, which is
consistent with calculated results.[>*! A hybrid of O3 and O1,
named H1-3 (Fig. 3(c)), is also deduced to be a stable phase.
A predicted phase diagram of Li,CoO, on the basis of a series
of phase transitions during Li™ extraction/insertion process is
suggested, as displayed in Fig. 3(d). For Li concentrations
between x = 0 and 0.12, the O1 form of CoQO, coexists with
H1-3 having a Li concentration of x = 0.12. While Li concen-
trations vary between 0.12 and 0.19, H1-3 is stable as a single
phase. In the concentration range from 0.19 to 0.33, H1-3 co-
exists with O3 phase. When x is over 0.33, only O3 phase
appears. However, with a continuous increase of x, other new
phases based on the O3 structure can be observed, due to Li™"
order/disorder or electronic effects.!!7-%?]

In addition to thermodynamically stable O3 host struc-
tures for LiCoO,, a thermodynamically metastable O2-
structured LiCoO, was also demonstrated to exist by experi-
mental and theoretical studies.2>-27! Unlike the O3 structure,
the O2 structure must be prepared by the ion-exchange route.
In the O2 structure, such new phases as T#2, T#2’ and 06
have been proposed. Usually, a phase transition between O3
and O2 structures is believed to be impossible. Nevertheless,
Lu et al.'?8 first observed 02-Li,CoO, in the phase diagram
of 03-LiCo0O; using spherical aberration-corrected scanning
transmission electron microscopy (STEM) with high-angle
annular-dark-field (HAADF) and annular-bright-field (ABF)
techniques. Furthermore, in Lu’s work, O1, O2, and O3 struc-
tures were all detected clearly on the basis of HAADF micro-
graphs, as indicated in Fig. 4. Some different information on
phase transitions for Li,CoO; in the range of 0.5 <x < 1 were
presented. The detailed phase transformation of Li,CoO;

(0.5 < x <1) is revealed in Fig. 4(e). Recently, direct
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Fig. 4. STEM-HAADF images of surface structure: (a) pristine LiCoO;,
(b) LiCoO; charged to 4.2 V, (c) charged to 4.5 V, and (d) discharged to
3.0 V at the [010] zone axis. (e) Phase diagram of Li,CoO, (1 <x <0.50)
nanoparticle. Numerical symbols 0-4 represent the sample points for
STEM observation: (0) pristine LiCoO», (1) charged to 3.9 V, (2) charged
to 4.2 V, (3) charged to 4.5 V, and (4) back to 3.0 V.28

observation of delithiated structures of Li,CoO, at atomic
scale has become available due to the rapid development of
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STEM with HAADF and ABF techniques. The phase and
structure evolution in a highly delithiated state Li,CoO, (x <
0.5) is more important than that of x > 0.5 for achieving higher
capacity and energy density to meet the increasing demands
for LIBs. Advanced STEM with HAADF and ABF techniques
is a new method for researching lithium storage and structure
evolution mechanisms in this important LIB cathode material.

We have mainly discussed the phase transitions from the
thermodynamics view. However, whether the phase transition
can be observed clearly or even occur at all sometimes depends
strongly on kinetic factors such as electric conductivity and
Li™ chemical diffusion coefficient versus Li™ concentration in
Li,CoO,. Some research activities in those aspects have been
performed. Brake et al.*! studied the variation of the Li*
diffusion coefficients for Li,CoO, as a function of the lithium
Kinet-
ics investigation reveals that the average diffusion coefficient

concentration during the lithium insertion reaction.

for the composite Li,CoO, is in the range of 10~° cm?-S~!,
indicating relatively uncomplicated reaction kinetics for the
lithium insertion reaction. The variation of the diffusion coef-
ficient in the insertion range 0.3 < x < 0.85 is consistent with
filling/removal of Li™ from a single site within the host lattice
over this particular composition range. At a composition of
around x = 0.65, the diffusion coefficient reaches a local mini-
mum. Within the compositional range described, there exists a

U7 The structural

two-phase system with the phase transition.
rearrangement therefore takes place as lithium is inserted or
extracted from lattice sites. Subsequently, Ven ez al.[* in-
vestigated the mechanisms of Li* diffusion in Li,CoO, via
first principles and found that Li*™ diffusion occurs predom-
inantly by a divacancy mechanism. The calculation of the
diffusion coefficient at 400 K with kinetic Monte Carlo sim-
ulations shows that diffusion efficiency initially increased by
several orders of magnitude with x as a result of the decrease
in activation barrier with x, as indicated in Fig. 5. Li™ order-
ing at x = 0.5 produces a dip in the diffusion coefficient. As x
increases beyond 0.65, the diffusion coefficient drops, owing
to the decreasing concentration of divacancies.
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Fig. 5. Calculated diffusion coefficient (D) with lithium concentration, x
in Li,Co0,.3

3.2. Olivine LiFePOy4

Olivine-type LiFePOy4, proposed by Goodenough et
al.31321 in 1997, has achieved considerable attention due
to the chemical stability, safety characteristics, environment-
friendliness and low cost. The crystal structure of LiFePO4
can be viewed as an ABAB oxygen sublattice with Li, Fe,
and P occupying a subset of octahedral and tetrahedral in-
terstitial sites respectively, having the space group of Pmnb
with the following unit-cell parameters: a = 6.011(1) A, b =
10.338(1) A, ¢ = 4.695(1) A.3373¢1 Improving the rate capa-
bility of LiFePOy is scientifically interesting and practically
significant because of its electronic insulator and mediocre

y. [37-42] Next, recent achievements with

ionic transport propert
regard to phase separation and structural evolution mecha-
nisms of LiFePOj involving thermodynamics and kinetics dur-
ing the LiTextraction/intercalation process are summarized.
To our knowledge, in terms of the electrode materials,
the large variations of Li™ concentration always lead to phase
transformations during the charge and discharge processes,
such as order—disorder transitions, crystallographic changes
and two-phase reactions.!*3! When cycling at room tempera-
ture for LiFePQy, the Li™ extraction from a lithiated triphylite
phase, LiFePQy, occurs through a first-order phase transfor-
mation to a delithiated heterosite phase, FePO4.1**! Phase
transformation research has focused on the LiFePO4/FePO4
two-phase transition and the existence of LiyFePO, and

s.1%3] In order to understand the two-

Li;_gPO4 solid solution
phase reaction in LiFePO4, Andersson et al. 1461 introduced
two models: “radial model” and “mosaic model”. Both mod-
els pinpoint the inactive LiFePO4 unconverted in the charge
process as the essence of lost capacity in the system. Srini-
vasan et al.!*’l developed a “shrinking core” mathematical
model to study the cause of low power capacity as shown
in Fig. 6(a).
the single-phase core (e.g., fully charged FePO4) was cov-

During the charge and discharge processes,

ered with the second-phase shell (e.g., discharge LiFePOy)
with transportation of Li*, accompanying the phase bound-
ary movement. The ‘domino-cascade model” in Fig. 6(b) was
experimentally observed by Delmas et al. through layer-by-
layer intercalation in LiFePO4 and used to illuminate the rea-
sons for the high rate performance of the batteries with the
poor electronic and ionic conductors, FePOy4 and LiFePO,. 8!
These models are introduced on the basis of steady state. The
interpretations of the phase transformations vary according to
particle shape and size, the (de)lithiation method, and the char-
acterization method. [+

In contrast to the well-documented two-phase nature of
Li,FePOy4 at room temperature, Delacourt et al. 1501 and Dodd

et al.B1

summarized the phase diagrams shown in Fig. 7 via
temperature-controlled XRD, respectively. A solid solution

Liy,FePO4 (0 < x < 1) at an elevated temperature transforms
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Fig. 6. Illustration of (a) shrinking-core model with the two phases and the movement of the phase boundary.*’] (b) Layered view of the ‘domino-cascade’
mechanism of the lithium deintercalation/intercalation mechanism in a LiFePOy crystallite.[$]
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Fig. 7. (a) Phase distribution diagrams of Li,FePOy4 (0 < x < 1) established from temperature-controlled XRD data.>%! (b) Phase diagram of LiFePOy (T,
for triphylite), FePO4 (H, for heterosite), and the merging new solid solution (D, for disordered).>!]

into a two-phase mixture between LiFePO,4 and FePOy as the
temperature cools down. Beyond the contributions of tem-
perature, particle size, geometry and composition,[*’! the co-
herency strains can also be responsible for stabilizing interme-
diate solid solutions of Li,FePQ,.>2]

Chen et al.!>’! developed a phase evolution mechanism
in which LiFePOy is transformed into isostructural FePOy,
using electron microscopic methods on chemically delithiated
LiFePOy.
narrow, disordered transition zones on the ac crystal surface

The results show that the lithium is extracted at

and a substantial lattice mismatch caused cracks to form in the
bc plane, leading to a newly created FePO4 phase, as shown
in Fig. 8(a). A microscopic mechanism of the phase transition
from LiFePO, to FePOy4 was proposed by Gu ez al.>* Lithium

cations in LiFePOs were directly detected at atomic reso-
Iution by an aberration-corrected annular-bright-field (ABF)
scanning transmission electron microscopy (STEM). The pris-
tine, fully charged and half charged states refer to LiFePOy,
FePO, and LigsFePOy, respectively, as seen in Fig. 8(bl)—
8(b3). Subsequently, Orikasal®> provided the first experi-
mental observation of a Li,FePO, metastable phase using
time-resolved XRD, as shown in Fig. 9(a). This indicates that
the new Li,FePO4 (x = 0.6-0.75) transient phase with the esti-
mated lifetime of about 30 min rapidly transforms to the stable
LiFePO4 and FePO4. The high rate performance of LiFePO4
can be attributed to the metastable phase transformation path
displayed in Fig. 9(b), which suggests a fast phase transi-
tion. Compared with the model based on relaxed states (white
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charge state at different current densities. “Relaxed” represents the pattern
of the sample relaxed for 1 day after 10 C charge and discharge cycles. %]
(c) Phase transition model of Li,FePO,.1%]

[54]

arrow path in Fig. 9(c)), the mechanism of Li,FePQOy is grad-
ually transformed into the thermodynamically stable FePO4
phase as further charged (black arrow path in Fig. 9(c)). %%

We have reviewed some phase transition mechanisms in
LiFePO4. However, the occurrence of the phase-transition
mechanisms also strongly depends on the limitation of the dif-
fusion of Li™ between the two-phase interfaces. This is re-
lated to electrochemical kinetics. Thus, the crystal structure of
the compound often plays an essential role in determining the
shape of the voltage profile as a function of Li concentration,
which is related to the kinetic behavior of the material. First-
principles statistical mechanical approaches can be applied to
study the chemistry and crystal structures that give rise to ki-
netic properties.>’! A flat voltage plateau (LiFePOy, at 3.45 V
versus Li/Li™) caused by two-phase electrochemical reaction
can be verified from the Gibbs free energy according to the
suggestions of Van der Ven et al.[%%!

Sun et al.'! employed DFT calculations to demonstrate
that the stage-II configuration in delithiated LiFePOy is a ther-
modynamically metastable but kinetically controlled state. A
dual-interface model was introduced to describe the delithia-
tion mechanism of LiFePO, upon charging (Fig. 10).

’ FeOg4 octahedron

© Liatom dual interface upon
delithiation b

{f lithium extractity
F 4

jl J“
~ ~ ~
FePO, 3.5% stage-11 1.5% LiFePO,

volume contraction w

Fig. 10. Schematic view of possible models for the electrochemical
delithiation process of LiFePQy.[>]
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Yu et al.'® investigated the rapid delithiation behavior
of LiFePO4 by quick x-ray absorption spectroscopy and dy-
namically monitored the two-phase transition behavior. As
depicted in Fig. 11(c), 90% of LiFePO4 has been converted
to FePOy after 120 seconds of chemical delithiation. Electro-
chemical delithiation of LiFePO,4 should be similar to chem-
ical delithiation if the electron transport in both LiFePO,4 and
FePOQy is faster than ion transport. Compared with Fig. 11(e),
linear combination fitting (LCF) results indicate that more than
60% of Lit can be extracted in either the chemical or elec-
trochemical delithiation reactions. This similar kinetic prop-
erty verifies that the Li't transport is the main governing fac-
tor for both reactions. Besides, the Johnson—-Mehl-Avrami—
Kolmogorov (JMAK) equation f = 1 —exp(—k#)" (f: the frac-
tion of FePOy, k is a rate constant, and n relies on the phase
growth geometry) can be used to analyze the kinetics of the
phase transition from LiFePOy4 to FePQOy.

The two-phase transformation from LiFePO4 to FePO4
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8
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Energy/eV
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can be studied in samples with different morphology, particle
size and surface coatings, and compared in either chemical or
electrochemical delithiation reaction time, and so on.[®!

3.3. Silicon anode

Due to their high specific capacity, some anode materials
such as Si, Ge, and Sn (as well as alloys containing these ele-
ments) attract much attention. Silicon is considered to be the
next-generation anode material because of having the highest
theoretical capacity (4200 mAh/g) as well as being environ-
mentally benign, naturally abundant, and so on.

A series of alloys of Si and Li were developed,6>-%¢]
which often resulted in a typical Li—Si diagram as shown in
Fig. 12. In 2000, Li er al.'®”! investigated the mechanism of
Li™ storage in silicon at room temperature, using silicon par-
ticles and nanowires. They found that crystalline silicon grad-
ually changes to an amorphous silicon-lithium alloy with in-
sertion of Li*, and subsequent extraction of Li™ can promote

100 L 200000000000
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Fig. 11. (a) Fe K-edge XANES spectra of pristine LiFePO,4 and after 120 seconds of chemical delithiation; (b) the evolution and (c) linear combination fitting
of Fe K-edge XANES spectra. (d) Comparison of fast delithiation of LiFePO4 between in situ chemical delithiation and 4.3 V constant voltage charging;
solid square symbols represent the FePO,4 content, the red solid line is the charge capacity of 4.3 V constant voltage charging. Inset: determination of the

Avrami exponent with the Johnson—-Mehl-Avrami—Kolmogorov equation; (e) charge curve of LiFePOy at different C rate

5. 1601
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Fig. 12. Phase diagram of lithium—silicon system. (3]

recrystallization of amorphous Si. In 2003, Chiang et al.
further reported an electrochemical mechanism driving crys-
talline silicon to amorphous phase during the insertion of
LiT.198] In 2004, Obrovac et al. used ex situ XRD to demon-
strate an amorphous phase arising from crystalline Si on one
hand; on the other hand, they also observed the further for-
mation of Li5Sis crystalline phase as the discharge voltage

(9] In the same year, Dahn ef al. adopted

lowers to 50 mV.
in situ XRD methods to study structural change of amor-
phous silicon films in the charge and discharge process and
also found the formation of Li;5Si4 crystalline phase.!”"! This
result was also verified by Grey using nuclear magnetic res-
onance (NMR).[71-72l Additionally, Mao et al. used in situ
transmission electron microscopy to find the movement of the
phase boundary between amorphous silicon (a-Si) and amor-

phous Li,Si (x ~ 2.5).8] In summary, the specific reaction

mechanism of crystalline Si can be described as follows:["3]
during the initial discharge process:
Si (crystalline) + xLi™ + xe~ — Li,Si (amorphous)
+(3.75 —x0)Lit + (3.75—x)e” (1)
— LijsSig(crystalline), 2)

during initial charge process:

Li;5Si4 (crystalline) — Si (amorphous)

+ yLi™ 4+ye™ + Li;5Si4 (residual). 3)

Carbon coating has been investigated to improve the elec-
trochemical performance of silicon anodes. Generally, it is be-
lieved that a carbon coating layer can restrain the merging or
agglomeration of silicon nanoparticles and accelerate the lithi-
ation rate, due to improving electron and ion transport.[74-76]
Additionally, it is well known that upon lithiation, both crys-

talline and amorphous silicon transform to an amorphous Li,Si
phase, which subsequently crystallizes to (Li, Si) crystalline

(761 The latter phase tran-

compounds, either Li;5Siq or Li, Sis.
sition from amorphous Li,Si to crystalline phase results in the
huge volume expansion, which is responsible for the electro-
chemical degradation of silicon anodes. As to the carbon-
coated silicon, the carbon layer is likely to partly restrain the
formation of a crystalline compound, either Li;5Sis or Li,Sis,
in that the toughness of carbon can prevent extreme volume
change in a Si anode. In other words, the carbon coating layer
helps suppress the phase transition from amorphous Li,Si to a
crystalline compound.

Most references report such strategies as carbon-coating
or forming composite materials to be effective in improving
the electrochemical performance of Si anodes. In our opin-
ion, a double structured silicon anode, core-shell or yolk-shell
structured, in which the interior section is porous coated sili-
con nanoparticles or a Si/C composite and the shell is a supe-
rior layer of Li* and an electron conductor with a stable struc-
ture, may be proposed to better enhance the electrochemical
properties of silicon anodes.

Another interesting phase transition occurs during the
electrochemical lithium extraction/insertion of the anode ma-
terial B-SnSb alloy.[””-78! Li et al. synthesized nanosized f3-
SnSb and found that the lithium first reacted with Sb atoms to
form Li»Sb and Li3Sb, and then the remaining Sn atoms were
aggregated. After all the Sb changed into LizSb, the Li—Sn
alloy appeared. In the delithiation process, the reverse steps

occur. This special mechanism was clarified by ex situ XRD.
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4. Summary and outlook

Phase transition reactions are often observed in LIBs. No
matter whether they occur in the synthesis of materials or
in the process of electrochemical Li* extraction/intercalation,
comprehensive and in depth understanding of the phenomena
will significantly promote the technology of LIBs. Currently,
most research in this field is carried out from macro-scale and
thermodynamic viewpoints. In the near future, investigations
from micro- or nano-scale and dynamics viewpoints should
be empowered by the rapid development of modern advanced
characterization methods. At present, high-throughput calcu-
lation is utilized to explore potential LIB materials, which will
accelerate the research course of new phase materials. High
spatial resolution, temporal resolution and energy-resolution
technologies are also widely used to study the structure, com-
position and evolution of the bulk phase, surface phase and
interface phase of materials. Some in situ tools are also being
made better and better.
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