ANL[OMT/CP9813

PHASE TRANSITIONS IN INSERTION ELECTRODES
FOR LITHIUM BATTERIES

by

Michael M. Thackeray
Electrochemical Technology Program, Chemical Technology Division,
Argonne National Laboratory, Argonne, Illinois 60439, USA

The submitted manuscript has been created by the University of
Chicago as Operator of Argonne National Laboratory ([IArgonnell)
under Contract No. W-31-109-ENG-38 with the U.S. Department of
Energy. The U.S. Government retains for itself, and others acting
on its behalf, a paid-up, nonexclusive, irrevocable worldwide
license in said article to reproduce, prepare derivative works,
distribute copies to the public, and perform publicly and display
publicly, by or on behalf of the Government.

September 1999

To be published in the Proceedings Volume of the American Ceramics Society:




DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.




DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.




Phase Transitions in Insertion Electrodes for Lithium Batteries
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Michael M. Thackeray
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Abstract

Phase transitions that occur during lithium insertion into layered and framework
structures are discussed in the context of their application as positive and negative
electrodes in lithium-ion batteries. The discussion is focused on the two-dimensional
structures of graphite, LiNi; xMx0, (M=Co, Ti and Mg), and Li; 2V30s; examples of
framework structures with a three-dimensional interstitial space for Li*-ion transport
include the spinel oxides and intermetallic compounds with zinc-blende-type structures.
The phase transitions are discussed in terms of their tolerance to lithium insertion and

extraction and to the chemical stability of the electrodes in the cell environment.
Keywords: insertion electrode, lithium battery, structure, phase transition

Introduction

Lithium-ion batteries operate by an electrochemical process by which lithium ions
are shuttled between two host electrodes during charge and discharge [1]. During charge,
the host structures of the negative (anode) and positive (cathode) electrodes are reduced
and oxidized, respectively; these processes are reversed during discharge. The repeated
insertion and extraction of lithium with these host structures often subject them to
structural damage and to the decay of their surfaces by chemical reaction with the
electrolyte. Moreover, the change in composition of the electrodes, LixH (where H
represents the host structure), necessitates electron transfer and a change in the formal
oxidation state of the host. Lithium insertion or extraction from these compounds

produces metastable structures over a wide compositional range, thereby affecting the




chemical stability of the electrode in the cell environment. For example, metal oxide
positive electrodes such as LixCoO; and LizMn,04 become highly oxidizing materials at
low lithium levels and provide a high potential (~4 V) vs. metallic lithium. In contrast,
lithium insertion into carbon, such as graphite, occurs at a potential close to that of
metallic lithium, resulting in a highly reducing electrode, LiCs, when fully charged.
Selection of insertion electrodes for lithium batteries thus requires structures that are as
tolerant to lithium insertion over as wide a compositional range as possible without
compromising their chemical stability and the cycle life of the lithium cell.

Many compounds that are of interest as insertion electrodes for lithium batteries
have close-packed structures with a two-dimensional or three-dimensional interstitial
space for lithium transport [2]. Tunnel structures have not received much prominence
because their one-dimensional channels tend to restrict the rate of lithium diffusion and
the amount of lithium that can be accommodated within their structures. A good example
of such a tunnel structure is f-MnO, with a rutile-type structure; the rutile host can
accommodate only 0.2 Li* ions within its interstitial space before it transforms
irreversibly to the [Mn;]O4 spinel framework [2, 3]. This paper therefore focuses on
various layered and structure types to emphasize those features that account for the
structural and chemical stability (or instability) of lithium insertion electrodes under the
operating conditions of a lithium cell. The materials with a two-dimensional space for
lithium diffusion include graphite, LiNi;xMxO, (M=Co, Ti and Mg), and Li;,V30Os.
Examples of structures with three-dimensional pathways for lithium include the spinel
oxides LisTisO;; and LiMn,O4, and intermetallic compounds with zinc-blende-type

structures such as InSb.

Negative Electrodes (Anodes)
1. Graphite

Graphite is the negative electrode material of choice for lithium-ion batteries.
The reasons for this are two-fold: 1) a lithiated graphite electrode, Li,Cs (x<1), provides
most of its capacity close to that of metallic lithium, yielding high cell voltage and
energy, and 2) the graphite structure can accommodate one lithium per Cs unit reversibly

over many cycles without a significant capacity loss.




A schematic illustration of the layered graphite structure is shown in Fig. la.
Lithium is inserted in between the carbon sheets in a staged process, during which the
close-packed carbon atoms shear from their hexagonal-close-packed stacking ABABAB
(occasionally cubic-close packed stacking ABCABC) to AAAAAA stacking, as
illustrated in Fig. 1b [4]. Steric constraints in the ideal graphite structure limit the
amount of inserted lithium to one per six carbons, i.e., LiCg, in which every third Cs
hexagon has one lithium atom above the center of the hexagon (Fig. 1b).

The hexagonal unit cell of graphite expands anisotropically on lithiation, as
reflected predominantly by the spacing between the carbon sheets that increases by
10.4% from 3.36 A in graphite to 3.71 A in LiCs. Because the anisotropic breathing of
the crystal lattice is not severe enough to damage the structural integrity of the electrode
during electrochemical cycling, graphite is an attractive negative insertion electrode for
lithium-ion batteries.

Because lithiated graphite, LixCs, operates close to the potential of metallic
lithium, it is a highly reactive (reducing) material, particularly toward the organic
electrolyte solvents of lithium-ion cells. .Fortunately, a passive, protective film consisting
of numerous species, such as oxides, hydroxideé, carbonates, and fluorides, is formed by
reaction of Li,Cs with the electrolyte, and protects the negative electrode from further
reaction. Nevertheless, there is a concern about the inherent safety of Li-ion cells
because of the possibility of thermal runaway if they are abused or not protected from
overcharge. A significant research effort is, therefore, being made to find alternative host
structures for lithium that operate a few hundred millivolts above that of metallic lithium

to reduce the safety risk.

2. Zinc-blende-type intermetallic compounds

Much effort has been spent to develop metal alloy systems, such as LicAl, Li,Si,
and Li,Sn, to reduce the activity of the lithium electrode [5-8]. A major problem of these
binary alloy systems is that their structures expand severely on lithiation, thus placing a
major limitation on their cycling efficiency. This problem can be partially overcome by
using composite electrodes in which the alloy system is embedded in an inactive phase.

Examples of such composite electrodes include those derived from amorphous tin oxide




in which Li,Sn grains are embedded in a Li,O matrix [9, 10], or from electrochemically
co-deposited intermetallic systems such as Sn,Agy [11].

It was recently announced that certain ternary intermetallic compounds Li,MM’ in
which a MM’ zinc-blende framework structure containing two types of metal atoms, M
and M’, can accommodate a significant quantity of lithium without undergoing a
damaging volumetric change [12]. A good example is face-centered-cubic InSb (space
group F-43m) shown in Fig. 2a. The InSb zinc-blende-type structure has a diamond
network in which each In atom is surrounded by four Sb atoms in tetrahedral
coordination, and vice versa. The interstitial space of InSb consists of a network of
interconnected, hexagonally shaped tunnels; the tunnels in the [110] crystallographic
direction are shown in Fig. 2b. The interstitial space of InSb contains two
crystallographically independent sites for lithium at the (Y4, ¥2, ¥2) and ({1,0,0) positions of
the unit cell (Fig. 2c). Lithium is inserted eIectrochemiéally into InSb in a two-stage
process; it has been proposed that-the lithium fills the two independent sites to yield
LiInSb and Li;InSb, the latter product having a structure related to Heusler-type phases
[13]. There is very little volume change associated with these phase transformations;
moreover, the reactions are reversible. Further reaction of lithium with Li,InSb displaces
In from the structure according to the reaction:

xLi + LizInSb ¢ LipIn;xSb + xIn (€))

This displacement reaction is also readily reversible at room temperature [12].

The compound Li>,CuSn is isostructural with Li;InSb. However, in this case, the
CuSn zinc-blende framework is unstable to lithium extraction; the removal of lithium is
accompanied by an internal displacement of one-half of the Sn atoms to yield a “CuSn”
product with a NiAs-type structure [14, 15]. Although this reaction is reversible, the
diffusion of the tin atoms and the less favorable interstitial space for Li diffusion in NiAs-

type structures limit the performance of Li;CuSn electrodes.

3. LiTisOg;
This compound has a spinel-type structure (Fig. 3a) that can be represented in spinel
notation as Li[Lig33Ti167]04. It has cubic symmetry Fd3m. The lithium ions outside the

square brackets refer to the tetrahedral A-site cations of an A[B,]O4 spinel, whereas the




lithium and titanium ions within the brackets refer to octahedral B-site cations. Lithium
insertion into Li[Lio33Ti;67]O4 is accompanied by a first-order phase transition to the
rock salt phase Li,[Lig33Ti; 67104 (Fig. 3b), during which the tetrahedral-site lithium ions
are cooperatively displaced into neighboring octahedral sites [16, 17]. The two-phase
reaction provides a constant voltage response at approximately 1.5 V vs. lithium. The
cubic symmetry is unaffected by the phase transition; moreover, the lattice parameter
(8.36 A in LisTisOyy) is essentially unaffected by lithiation, expanding by only 0.1% (to
8.37 ;\). As a result, the LisTisOy, electrode provides outstanding structural stability for
many hundreds of cycles. The excellent structural and chemical stability of LigTisO12
under the working conditions of the cell represent characteristics of an ideal insertion
electrode. Because of its relatively low voltage vs. lithium, LisTisO;; is not used as a
positive electrode in practical lithium cells; this compound is of greater interest as a
negative electrode because it is safe compared to metallic lithium and LiCs electrodes,
and because it can be coupled with “4 V” positive electrodes such as LiCoO, and
LiMn,04 or “3 V” Li,MnO; electrodes to provide 2.5 V and 1.5 V cells, respectively
[18].-

Positive Electrodes (Cathodes)
1. Layered Oxides: LiNi;. .M,0:

State-of-the-art Li-ion cells use LiCoO; as the positive electrode because of the
relative ease of preparing a high-quality layered structure (space group symmetry R-3m)
and because LiCoO, is stable to lithium extraction over a wide compositional range
(0.55x<1.0) in Li;.xCoO;, [19, 20]. The high cost of cobalt has encouraged the lithium
battery industry to develop an isostructural LiNiO§ electrode. Lithium extraction from
LiNiO, is accompanied by a series of phase transitions. Three hexagonal phases, labeled
H(1), H(2), and H(3), exist over the range 0<x<1 in Li;.NiO; [21, 22]. A distorted
monoclinic phase that has been attributed to ordering of the Li ions has been reported to
occur between H(1) and H(2) for 0.2<x<0.55 [22], although evidence of this phase is not
always observed [23]. The H(1)-to-H(2), and H(2)-to-H(3) transitions are manifest by
changes in the crystallographic c/a ratios of the lattice parameters. The H(1)-to-H(2)

transition is small and subtle, and results in minor changes to the unit cell without




disturbing the Ni ions from their octahedral sites. By contrast, the H(2)-to-H(3) transition
is accompanied by a major contraction of the c lattice parameter [23]. This transition
takes place at x=0.75 when the lithium content is relatively low and the Ni** content is
relatively high, and is believed to account for much of the structural damage to the
electrode and consequent loss in capacity on cycling LiCe/Li;.xNiO; cells.

Unfortunately, LiNiO, with the ideal layered configuration (Fig. 4) is more
difficult to prepare than LiCoO,; LiNiO; products often contain some Ni within the Li
layers that tends to reduce its quality as an insertion electrode, both in terms of delivered
capacity and cyclability. Moreover, Ni** is more highly oxidizing than Co*, leading to
higher reactivities with the organic electrolytes at the top of charge. Much effort has thus
been made to stabilize the LiNiO; structure by cation substitution. One such example is
LiNig65C00.25Tip0sMgo.0sO2 which has improved the electrochemical performance and
cycling stability of the lithium-ion cells [24]. In this compound, (1) the Co ions (25%)
stabilize the layered configuration; (2) the Ti** ions (5%) provide strong Ti-O bonds that
strengthen the oxygen array and thereby reduce oxygen loss at the top of charge; and (3)
the Mg?* ions (5%) compensate for the charge imbalance introduced by the Ti** ions and
enhance the electrical properties of the electrode, as they do in substituted LiCo;.x\MgxO>
compounds [25].  All the lithium cannot be extracted electrochemically from Li;.
«Nip 65C0025Tip0sMgoosO2 electrodes because the transition metal ions become fully
oxidized at the composition Lig1NipesC0g25Tip0sMgoosO2. The H(2)-to-H(3) phase
transition in such substituted electrodes is, therefore, suppressed. Consequently, the
H(2)-to-H(3) phase transition is accompanied by relatively minor changes to both the a
and c lattice parameters; the resulting electrode has significantly enhanced structural

stability over a wide compositional range.

2. Lij2V30s

The lithium vanadium oxide, Li;,V3Os, is of interest as a positive electrode for
2.5 V lithium cells with metallic lithium anodes [26, 27]. The structural and
electrochemical properties of the Li;2V30s electrode have been investigated in detail
[26-30]. Figure 5a shows the layered structure of Li;2V3Os. The structure has

monoclinic symmetry (P2;/m). There are three crystallographically independent V atoms




in the unit cell, two of which reside in distorted octahedra; the third V atom has square
pyramidal coordination [29, 30]. The V polyhedra are connected to one another in
sheets. The 1.2 Li* ions reside between the sheets, one Li* ion fully occupying an
octahedral site, and the remaining 0.2 Li* ions partially occupying one
crystallographically independent tetrahedral site in the unit cell. The lithium layers also
contain several empty distorted tetrahedra that constitute the interstitial space of the
Li; 2V30g structure.

The mechanisms whereby lithium is inserted into Li;,V3O0g have been studied by
electrochemical techniques [28], single-crystal structure analysis [30], and theoretical ab
initio structure calculations [31, 32]. These studies have shown that lithium can be
inserted readily to a composition Li;V3Og, the structure of which is shown in Fig. 5b, and
to the stoichiometric rock salt composition LisV3Og under slow electrochemical titration
[28]. These studies have shown that the lithium insertion follows a reaction sequence
similar to that observed in the lithium spinels. Lithium is first inserted in a series of
single-phase processés (i.e., with a sloping voltage profile) into the tetrahedral sites of
Li; 2V30s, the sequence of which has been predicted by theoretical calculations of site
energies in LijxV3Os to a composition Li3V30g [32]. When additional lithium is
introduced, the lithium ions in both the tetrahedral and octahedral sites are cooperatively
displaced into neighboring octahedral sites in a two-phase reaction (constant voltage) to
provide a defect rock salt phase of composition Li;V3Os, in which all the vanadium ions
are tetravalent; thereafter, the remaining octahedral sites are occupied in another two-
phase reaction to yield the stoichiometric rock-salt composition LisV30s. Small
adjustmehts to the oxygen array are made during the transitions from Li;s5V30sg to
LisV30s and to LisV3Og which place all the V ions in octahedral coordination without
any significant disturbance to the V303 sublattice or change to the monoclinic crystal
symmetry. In the transitions from Li; ,V30s to LisV3Og, the b and c lattice parameters
expand by 9.9% and 0.4%, respectively, whereas the a lattice parameter contracts by
9.7% [30]. Although the unit cell volume is unaffected by lithium insertion (it changes
from 265.36 to 265.33 A%), the anisotropic change in lattice parameters is sufficient to
cause cracking of the particles, particularly if lithiation is carried out chemically with a

strong lithiating agent such as n-butyl lithium [33]. Nevertheless, because of the




excellent stability of the V30g sublattice to “soft” electrochemical lithiation, Li;,V3Og

remains an excellent candidate for rechargeable 2.5 V lithium cells.

3. LiMn;04

The spinel system Li,[Mn;]O4 is attractive as an insertion electrode because the
[Mn,]O4 spinel framework, which provides a three-dimensional space for Li'-ion
diffusion, is stable over a wide compositional range (0sx<2) [34-38]. The range 0<x<l1 is
particularly attractive for two reasons. First, the symmetry of Lix[Mn;]O4 remains cubic
(Fd3m), allowing the unit cell to breathe isotropically and to maintain structural stability,
despite an order-disorder transition of the lithium ions on the tetrahedral sites at
Lips[Mn,]O4 [39]. Second, the electrode provides a high voltage (4 V) vs. lithium over
this range, thereby yielding cells with high specific energy and a high power capability.
Over the range 1<x<2, a first-order phase transition occurs during which the lithium ions
on tetrahedral sites in Li[Mn,]JO, (Fig. 3a) are cooperatively displaced into neighboring
octahedral sites to generate the rock salt phase Li;[Mn;]O4 (Fig. 3b) [34]; this reaction
occurs at a constant 3 V. The phase transition induces a Jahn-Teller distortion in the
MnOgs octahedra that reduces the crystal symmetry from cubic in Li[Mn;]O4 to tetragonal
(F4,/ddm) in Li;[Mn;]O4. The c/a ratio changes by 16%, which, crystallographically, is
far too severe for the Liy[Mn;]O, electrode to maintain its structural integrity on cycling
at 3 V [38]. The stability of the spinel electrode at 3 V can be significantly improved by
changing the composition of the electrode; for example, some of the manganese in the
spinel framework can be replaced by a monovalent, divalent, or trivalent cation such as
Li*, Mg?, and AP** [40]. This change in composition increases the Mn** content in the
spinel electrode, which eliminates the Jahn-Teller effect at the beginning of discharge at
3V, and reduces the magnitude of the effect in its fully discharged state [41]. However,
stability of the electrode at 3 V is gaihed at the expense of capacity at 4 V.

Phase changes in lithium-metal-oxide insertion electrodes, in which the composition
of the electrode and oxidation state of the metal ions are both being continuously varied,
can be also induced by chemical decomposition or reaction with the cell electrolyte.
These phase transitions can be particularly evident at the top of charge or at the end of

discharge when the metal oxide is in a highly oxidized or reduced state. A good example




of a chemically induced phase transition is provided by the Li,[Mn,]Oy spinel electrode
when cycled over the high voltage regions (above 3 V). Even though the cubic [Mn;]O4
spinel framework provides a structurally robust framework for lithium insertion and
~ extraction, Li/Li,[Mn;]O4 cells still lose capacity slowly when cycled over this voltage
regime [40, 42]. The primary reason for this capacity fade has been attributed to
solubility of the electrode in common electrolytes, such as 1M LiPFs in ethylene
carbonate, dimethyl carbonate; these electrolytes contain acidic species such as HF,
formed by hydrolysis of the lithium salt with residual water in the electrolyfe [43, 44].
Following the early work of Hunter [45], it is generally acknowledged that the solubility
of Lix[Mn,]O, electrodes in acid medium occurs by the disproportionation reaction
M oy = Mn* g + M0 olution (2)

during which the Mn®* ions go into solution, and the Mn** ions remain in the solid spinel
phase. ,

Full electrochemical delithiation of Li[Mn,]O4 leaves A-MnO> with the [Mn,]O4
spinel framework. Like many manganese dioxides, A-MnO; is a powerful oxidizing
agent and can be readily reduced. Therefore, any oxygen that may be evolved at the
particle surface of the spinel electrode at the top of charge will result in Mn** jons at the
electrode surface; the instability of Mn®* ions at the high potential of the charged cell
will also drive the solubility reaction (2) shown above, thus damaging the spinel surface
and resulting in some irreversible capacity loss to the cell.

The presence of tetragonal Li,[Mn;]Oy4 has been observed in very small amounts
at the surface of Li[Mn;]O4 spinel electrodes at the end of discharge after high rate
cycling (C/3 rate) between 4.2 and 3.3 V vs. Li [46]. The presence of Liz[Mn;]O4 on the
electrode surface 300 mV above the thermodynamically expected voltage for this phase
has been attributed to a localized overpotential at the electrode surface during high-rate
discharge and to an inhomogeneous lithiation of the spinel surface. The compound
Li[Mn;]O4, in which all the manganese ions are trivalent, will be unstable, like
Li[lMn,]Os, in a 1M LiPF¢/EC/DMC celectrolyte. In this case, a disproportionation
reaction occurs in which MnO dissolves from the particle surface to leave an insoluble
and stable Li;MnO; rock-salt phase. This reaction accounts for some of the capacity loss

of 4-V Li/Li,[Mn;]O, cells on long-term cycling [47].
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Concluding Remarks

Phase transitions that occur in lithium insertion electrodes during the cycling of
1ithiuni cells tend to be damaging phenomena. Optimum stability to lithium iﬁsertion and
cycle life are generally obtained from those systems that undergo minimum
crystallographic changes, such as to crystal symmetry, lattice parameters, and unit cell
volume, and from those systems where there is no diffusion of the atoms of the host
framework structure. Moreover, the host structures must be chemically stable to the cell
electrolyte at all states of charge and discharge, when the composition and oxidation state
of the electrode are continuously changing. From the viewpoint of structural and
chemical stability with respect to lithium battery electrolytes, the cubic spinel system
Li[Ti; 67Li;.33]O4 represents an ideal host electrode because 1) the [Tije7Li133]O4 host
framework remains intact during lithiation, 2) the host framework breathes isotropically
during the cubic-Li[Ti; ¢7Li;.33]O4 to cubic-Lis[Ti; 67Li;.33]O4 transition with virtually no
change to the lattice parameter, and hence volume, and 3) the Liyx[Tir67Li1 33104
electrode (x=0 and x=1) is chemically stable and can tolerate hundreds of deep discharge

cycles with little capacity fade.-
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Captions to Figures

The ideal structures of a) graphite and b) lithiated graphite LiCs. The dashed
lines in (a) represent C¢ hexagons above and below the plane of Cg hexagons

defined by solid lines.

a) Cubic InSb (zinc-blende-type structure), b) a [110] projection of InSb, and
c) the predicted structure of Li;InSb [12].

a) The A[B,]O4 spinel strﬁcture, A= tetrahedral-site cations, B= octahedral-
site cations, and b) the lithiated spinel structure LiA[B,]O4 with a rock salt

configuration.
The ideal LiNiQO; structure.

The structures of a) Li; 2V30g and b) Li4sV30g (¢ = Li, 0 = O). The vanadium

ions (not marked) are located within the oxygen polyhedra.
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