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Abstract
This paper gives an overview of the researches carried out on lithium and sodium layered

materials as positive electrodes of lithium(sodium)-ion batteries. It is focused on the solid-state
chemistry contribution to discover new materials and to optimize the properties vs the
requirements imposed by the applications. Among, all material structures, which are considered,
the layered one (lithium based), is up to now the best one to have high energy density batteries for
mobile applications. Recently, the homologous Na materials, which have lower energy, were
considered for stationary applications due to their low price. Starting for LIMO2 materials or NaxMO;
(0.5 < x < 1) many substituted phases, obtained by high temperature solid state chemistry, have
allowed stabilizing the layered structure in large composition domains to increase the specific

capacity, which is directly related to the number of exchanged electrons during the cycling process.

1. Introduction

From the discovery of lithium intercalation in TiS; by Whittingham(>2, Steelel!, Murphy® and
polymer battery by Armand®! a considerable work was devoted to layered oxides. The archetype of
the material used in lithium-ion batteries is LiCoO,, synthesized in 1958. [®! It was considered as
positive electrode material for a lithium battery by Goodenough!”! in 1980. Simultaneously, in
Bordeaux, we made the first electrochemical study in the NaxCoO> layered oxidel®l, which was
obtained for the first time by Fouassier® in 1972. The introduction of Lithium-ion batteries in 1989
by Sony, with LiCoO; as positive electrode and a carbon derivative at the negative electrode,
promoted LixMO; layered oxides to be used as positive electrode material. One has to mention here
the contribution of Yoshino who made, in 1985, a pioneer work on the lithium intercalation in

carbon based materials. [1°]



LiNiO> as positive electrode was first proposed by Dahn in 1990*%2, then many studies were
reported by Ohzukul®®'4 and our group in Bordeaux. >17) One of the main problems of LiNiO;
results from its departure from the ideal stoichiometry (presence of nickel in the Li layer) which
leads to a large irreversible capacity. We have shown that the substitution of Ni by Co allows
obtaining a strictly layered material8l. Many other cationic substitutions: Mn!141%.20 Fel21l \ere
carried out to try to have a better knowledge of this material family and to improve the
electrochemical performances. Ohzuku obtained a very important result, concerning the thermal
stability of the deintercalated material. He showed that the partial substitution of Ni by Al2%24 or
(Co + Mn) 25261 makes safer the battery vs pure LiNiO>. From this original work, Chowdary proposed
the LiNi(Co,Al)O, system!?”! and Broussely et al. optimized this material for prototype cells?8], A
systematic study of this material family was made by Ukyo who developed a new material
LiNio.sC00.15Al0.0s02 (NCA) 2230 which is now used in particular in EV, HEV and PHEV. With Ikuhara,
he showed for the first time by high-resolution electron microscopy that a thin layer of rocksalt
phase was formed at the surface and at the grain boundaries upon cycling®!l. For a few years, under
the pressure of car manufacturers, the Ni rich layered materials have been intensively revisited to
try to optimize their electrochemical properties. Most of the researches concern the addition of
small amounts of dopants or coatings. Almost all elements are now systematically tested to try to
improve the specific capacity and decrease of the fading upon cycling.

Sodium layered oxides as positive electrode materials were intensively studied in Bordeaux in
the 80’s. The first study on the NaxCoO; system!® was extended to Ti?%, Cri33], Ni33], Mn34, and mix
systems (Ni,Co).3°! The NaxMoO; system was reported by Tarascon in 1986.3%1 When Sony
commercialized the first Li-ion Battery, all researches moved to lithium batteries. Almost all lithium
based positive electrode materials have now been discovered, most of the researches concerns the
material optimization and the characterization of the phenomena occurring during the cycling. In
2005-2008 some researchers focused their researches on sodium layered materials. Komaba, after
a one year stay in Bordeaux, worked on sodium systems and discovered very promising materials.
[3738] He was followed by many researchers who made interesting reviews!3®#>l. Even if the sodium
batteries cannot compete with the Li ones for specific energy, for stationary applications they are
very promising thanks to the material availability and their low price.

The starting materials are always synthesized by high temperature solid-state chemistry. During
the battery charge, the alkali ions are deintercalated and re-intercalated during the discharge. The

highly deintercalated materials are metastable. Their structure can change by slab gliding or by
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cation migration from the slab to the interslab space. Jahn-Teller distortion can also occur.
Depending on the cations and of their oxidation states the electronic conductivity, which is a key
parameter for the kinetic of the process, can change of several orders of magnitude. The material
stability in the deintercalated state is a very important parameter concerning the safety. A thermal
decomposition at intermediate temperature can lead to oxygen evolution and to a battery runaway.
A solid-state chemistry approach considering: (i) the relative stability of the various oxidation states,
(ii) the crystal field stabilization, (iii) the occurrence of structural distortions, (iv) the tendency to
cation ordering and the sensitivity to water is required to understand the various phenomena and
to optimize the materials for applications. In this review, the issue of particle texture and coatings,
which are essential for applications, are out of the topic of the paper. Nevertheless, one has to note
the very important contribution of Sun team who optimized in several steps, the particle texture
and the composition of Li(Ni,Mn,Co)O, (NMC) based materials to keep a very high capacity, with an
improved stability at high voltage and reduced crack formation. He proposed successively the Core-
Shell Concentration Gradient (CSG) ¢!, the Full Concentration Gradient (FCG) 47 and the Two Slopes Full

Concentration Gradient (TSFCG) (48! with increasing performances.

2. Layered oxides overview

Layered oxides exhibit the AxMO, formula (A =Li, Na; M = transition metal element). Their
structure is made of MO; slabs, built of edge-sharing MOg octahedra, separated by a layer of Li* or
Na* ions. These materials crystallize generally in the hexagonal system (or rhombohedral). In some
case if M is a Jahn-Teller ion (Ni** or Mn3*) a macroscopic distortion can occur leading to a monoclinic
or an orthorhombic phase. The anex. parameter is equal to the M-M intra-slab distance, whereas the
Chex. Pparameter is a multiple of ( 2, 3, 4, 6 ...) of the interslab distance perpendicular to the slabs.
Figure 1 gives a schematic representation of the structure of a layer material. The bonds in the MO;
slabs have an iono-covalent character that plays an important role on the electronic properties.
Depending on the alkali metal content an electronic conduction occurs either by hopping (semi-
conductor) or by delocalization (metallic-like). The electronic conduction depends on the nature of
the M cation: (i) occupation of the tyg or eg levels, (ii) M-M bond distance vs the ty; orbital extension,
(iii) average oxidation state, (iii) presence of Jahn- Teller effect. On the opposite, the A-O bonds are
more ionic, the A*ions can move in the interslab space if there are enough vacancies. The layered
structures can be stable within large composition domains, at least at room temperature, for some

transition elements. The domain extension depends on the redox potential of the M3*/%* couple and
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on the structure stability. The ionic and electronic conductivities and the existence of a large
composition domain are the three main requirements for a material to be used as positive electrode
material in a secondary battery if the redox couple is enough high.

Most AMO; (A = Li, Na) phases exhibit the a-NaFeO; type structure which derives from the
rocksalt one by ordering of alkali ions and transition metal ions along one of the threefold axis of
the cubic rocksalt structure. It allows minimizing constraints when the difference in ionic radius is
too large. As shown in Figure 2 all sodium NaMO; phases exhibit the ordered layer structure while
in the case of lithium materials, the layered structure is only observed for the smallest trivalent
transition elements (M =V, Cr, Ni, Co). For LiTiO;, LiMnO; and LiFeO; the difference in size between
M3* and Li* ions is too small to form the layered structure; they exhibits either a rocksalt or another
ordered structure deriving from the rocksalt one.

Whereas in the lithium materials obtained by high temperature solid state chemistry, all oxygen
octahedra are fully occupied leading to the LiMO; formula, the homologous sodium phases can be
sodium deficient (NaxMO3) (0.5 < x < 1). Depending on the synthesis temperature, on the M nature
and on the sodium amount, sodium ions can be either in octahedral or in trigonal prismatic
environments. Therefore, the oxygen packings are different. These sodium phases can be also used
as precursor to obtain, via Li*/Na* exchange, lithium layered oxides that cannot directly be
synthesized by classical high temperature solid state chemistry. Figure 3 gives a view of the structure
of the three types of structures (O3, P3, P2). Many others structures are metastable (O1 and 02 as
example), they can be obtained by alkali metal deintercalation or exchange. To describe these
structures in a convenient way, we proposed the following nomenclature: one letter P (for trigonal
prismatic), O (for octahedral) or T (tetrahedral) is used to define the alkali ion site, whereas a figure
(1, 2 or 3) is used to indicate the number of MO; slabs within the hexagonal cell (in most cases the
unit cell can be described in the hexagonal system). [*! If a structural monoclinic or orthorhombic
distortion occurs a prime (‘) is added in the designation. If a triclinic distortion occurs a double prime
(“) is added. All LiMO; layered phases exhibit the O3 type structure. In the 3d series most of the
NaMO; phases (M = Ti, V, Cr ,Fe, Co) exhibit the O3 type structure (R-3m) while NaMnO,*"! and
NaNiOP crystallize in the monoclinic system (C2/m) thanks to the Jahn-Teller effect of Mn3* and
Ni3*ions. Therefore, their structure is designed as O’3. The NaxMO materials obtained by solid state
chemistry exhibits the P3 structure (R-3m) for a composition close to Nags-06MO2 and the P2 one

(P63 /mmc) for higher Na amounts (Nao.e-0sMO3). !



Due to the 2D character of the structure, the MOs octahedra are flattened along the threefold
axis, while the AOs¢ polyhedra are expanded. The same phenomena occurs in materials with trigonal
prismatic sites, but in these cases, there is face-sharing between MQOg octahedra and AOg trigonal
prisms. In the case of the P3 structure, each AOg prism shares one face with one MOg octahedron
on one side and 3 edges with 3 MO¢ octahedra on the other side. There is only one type of
environment; the Na* ions are displaced along the trigonal axis to minimize the electrostatic
repulsions. In the case of the P2 structure, two types of sites are present in the interslab space: one
shares only edges with the MO octahedra, while the other one shares two faces with the MOg
octahedra. Due to the vicinity of the two sites, they cannot be occupied simultaneously. The
sodium/vacancy distribution depends on the competition between the Na*/M" and Na*/Na*
interactions. This point be will further discussed.

As shown in Figure 3, in the 03, P3 and O1 structures the MQOs octahedra have the same
orientation; therefore, one packing can be transformed into the other one by slab gliding without
any break of the M-O bonds. The gliding can be described by a circular permutation of the A B C
positions of a triangular lattice. The O3 — 01 transition occurs in the LiCoO; and LiNiO; systems
(possibly with intermediate phases) when all lithium ions are deintercalated. %53 This reaction is
completely reversible from the structural point of view, but the change in volume involved hinders
a long range cycling. In the O1 structure, the octahedra situated between the MO, slabs share faces
with the MO octahedra. Therefore, their occupation by Li* would lead to really strong cationic
repulsion and those octahedra are more likely empty. On the contrary, for the MO, composition this
packing minimizes the overlapping of oxygen p orbitals through the Van der Waals gap. It must be
noticed that the homologous sulfides LiMS; exhibit the O1 packing as a result of the small ionicity
of their bonds. This structure is also observed for M(OH), divalent hydroxides, in this case the
hydrogen atom is in tetrahedral environment (T1) (no face sharing with MOs octahedra). Several
intermediates phases can occur due to A*/vacancy orderings in the 0 < x < 1 range. In the case of
the Na phases the O3 — P3 transition occurs upon partial Na deintercalation from the 03-NaMO;
phase; it is completely reversible upon Na re-intercalation. On the contrary, in the P2 structure there
are two types of octahedra orientation. Therefore, it is impossible to obtain the O3 or P3 structure
by slab gliding from the P2 structure. In the LixMO; systems, the small size of the lithium ions
prevents from them occupying trigonal prismatic sites.

Sodium derivatives with trigonal prismatic environment can be used as precursor to obtain

metastable lithium phases. Starting from an O’3-NaMnO; phase, an O’3-LiMnO; phase was obtained
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by Li*/Na* exchange.’*>% This phase is metastable and decomposes above 300°C.>* One can note
the synthesis of 02-LiCo0; from P2-Nap70C00,. *®>7IThis new variety of LiCoO; is very crystallized;
it can be used as positive electrode of lithium batteries. 57! The structure of the 02 phase is also
given in Figure 3, the LiOs octahedra share one face with the CoOs octahedra. This material is
metastable and it is transformed into the 03-LiCoO; above 250°C. A similar approach was carried
out by Dahn and Paulsen to prepare the Li phase from the NaxMn2/3Ni1/302 system. 8 Moreover, his
team succeeded for the first time in obtaining the fully deintercalated phase 02- Mny/3Nii302
phase!®. The OP4 Nao.;Lio.42C00; exhibits an alternation of Li and Na layers®%6% (Figure 4). Lithium
ions are in octahedral sites while Na* ions are in trigonal prismatic sites. When Li* ions are exchanged
to Na*, there is a slab gliding that transform the trigonal prisms in octahedra (04 packing). 6263 Like
in the 02 structure, the O4 phase is metastable as a result of the face sharing between CoOs and

LiOs octahedra that reduce the thermal stability.

3. The LixMO; systems M = 3d cations

The four LiMO; layered phases, which can be obtained by solid state high temperature chemistry
(M =V, Cr, Ni, Co), crystallize in the hexagonal system (R-3m space group) whereas LiMnO;, which
is obtained by exchange from the NaMnO,, crystallize in the C2/m space group (Jahn- Teller effect
of Mn3*). Among them, only LiCoO> and LiNiO; present an interesting electrochemical behavior with
a good reversibility of the deintercalation/intercalation process. In the case of LiVO,, one part of the
vanadium move irreversibly to the lithium layer upon deintercalation. ¥ The migration of
manganese atoms to the lithium layer is also observed in LiMnO; obtained by Na*/Li* exchange and
the structure of this phase is irreversibly transformed into spinel during the first cell charge.[6>%¢! |n
all LixMO; systems, during the deintercalation the layered structure becomes unstable due to the
anisotropy of the bonds distribution: there is formation of very covalent MO; slabs whereas the
interslab space becomes empty with oxygen layers face to face. Therefore, there is a tendency to a
cationic displacement to homogenize the charge distribution. This leads to a cation migration to the
lithium layer. To achieve this cationic transfer the transition metal ions have to move through a
tetrahedral interstitial site. At this state, the crystal field stabilization plays an important role to
stabilize cations in the octahedral site and to destabilize it in tetrahedral site, as it was summarized
in the recent review of Manthiram. (671 This makes impossible, or difficult, the cation transfer from
the MO slab to the interslab space. Low spin (LS) Co3*(d6) and LS Co**(d5) and LS Ni3*(d7) and LS

Ni**(d6) have a very strong stabilization in octahedral site. In the opposite Ti**(d1), V3*(d2), have
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very low stabilization and can move. Ti**(d0), Fe3*(d5) and Mn?*(d5) which are not stabilized in
octahedra vs tetrahedra move easily. In the case of Mn, the Mn3* ions have a strong tendency to
disproportionate into Mn** and Mn?*. This leads to a Mn?* dissolution into the electrolyte, which is
reduced at the negative electrode to Mn and deposited. This stabilization in octahedral sites as also
an important effect of the stability of deintercalated material at increasing temperature. This point

will be further discussed in the part devoted to battery safety.

3. 1. LiCoO2

The high temperature stable 03-LiCoO; phase has been used in commercial Li-ion batteries with
a graphite negative electrode for 30 years. These batteries are used in almost all portable systems
(laptops, cellular phones,....). After the discovery by Goodenough of the electrochemical behavior
of LiCoO; a huge number of studies was carried out on this material. A typical cycling curve of a
lithium//LixCoO2 cell is shown in Figure 5. %8 The deintercalation/intercalation is reversible. The
smallirreversibility observed after the first discharge depends on the cell cycling conditions and also
of the exact stoichiometry of the material. The starting LiCoO; phase is an ionic and electronic
insulator: (i) there is no lithium vacancies, (ii) the trivalent cobalt ions are in the low spin state (t2g°).
As soon as the Li deintercalation starts at the particle surface, lithium vacancies appear and allow
lithium diffusion. From the electronic point of view, there is formation of Co*" (ty°), the small
distance between the cobalt ions allows orbital overlapping that induces electronic delocalization.
The critical distance can be estimated from the formula proposed by Goodenough. [¢* These results
were confirmed experimentally by conductivity measurements and ’Li MAS NMR study!”® and
theoretically from DFT calculation. 7" For x = 0.50 a small anomaly is detected on the voltage curve.
At this composition there is a monoclinic distortion as it was proposed by Dahn!’?l and Ohzuku. [73!
The Li/vacancy ordering was proved by electron diffraction.[’ This phase crystalizes in the P2/m
space group. As shown on Figure 5, the lithium and vacancies are ordered on raws, which are parallel
to the [110] direction on the hexagonal sublattice. If all lithium ions are extracted, the CoO, phase,
which exhibits the 01 packing, is then formed. P2 Due to the presence of two oxygen layers with no
cations to screen the O-0 repulsions, this structure is very instable. It is irreversibly transformed into
Co304 with oxygen release upon heating. This phenomenon occurs in all very deintercalated layered
oxides and it is at the origin of the safety problems of this type of batteries. For the intermediate
Lio.16Co02 composition a new phase with O1 and O3 interslab space is formed. The possible

existence of this new phase first named (H1-3) was proposed by Van der Ven and Ceder from
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theoretical calculations.”” Dahn confirmed this result experimentally.’® The structure is
represented on Figure 6. In fact, it must be designed as 06(01-03) that indicates the alternation of
01 and 03 type alkali ion layers in the general designation of AxMO; oxides. The mechanism of its
formation is not completely understood. One can assume that when the number of lithium ions in
the interslab space is too small there is a tendency to form domains with different compositions.
This behavior is similar to the stage formation in graphite intercalation compounds (Daumas-Herold
domains). 7!

If a Li/Co ratio larger than 1 is used during the synthesis, the structure of the pristine material is
slightly modified. [737°1 Some lithium ions occupy the cobalt site leading to the presence of oxygen
vacancies for charge compensation. The real material formula is Li[Li:C01-{]02-+.[8% The stoichiometric
material can be obtained only in very specific experimental conditions with a very long annealing of
the over-stoichiometric phase. 81l A systematic study of the phase diagram shown that t varies in
the 0-0.08 range. Depending on the amount of extra-lithium, the shape of the cycling curve changes
continuously. The curves of the first charge of the two phases are compared on Figure 5. The
biphasic domain due to the insulator / metal transition observed for the stoichiometric phase is
replaced by a continuous variation for the overlithiated phase!®®l. In the overlithiated material for
x = 0.5, the presence of structural defects in the CoO; slabs prevents from the Li/vacancy ordering.
On Figure 7 the structural model of the defect is represented. The presence of an oxygen vacancy
leads to the formation of square pyramidal surroundings around lithium and cobalt ions. Therefore,
the trivalent cobalt is no more in the classical t2® Low Spin configuration but exhibits the
Intermediate Spin state configuration (IS-Co3*:dx?, dy.%, dx/?, dz2?). 8283 The presence of unpaired
electron in over-stoichiometric LiCoO; has a strong effect on the “Li MAS NMR spectrum. Due to its
sensitivity, Li NMR is the best method to evidence the presence of Li excess in LiCoO3, which plays a

very important role in the electrochemical behavior of LiCoO; in commercial batteries.

3. 2. LixNiO2 and derivatives

3. 2. 1. LixNiO;

Although, LiCoO; is the most used positive electrode material in portable device, the cost of
cobalt limits its use in large scale battery (HEV, PHEV and EV). The structure similarity between
LiCoO; and LiNiO, motivated researches on the nickel system thanks to the cheaper price of Ni vs

Co. Unfortunately due to instability of Ni* ions at high temperature, the nickel phase presents the
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general global formula: Li1;Ni1+,02 (0.20 <x<0.01). The z value is strongly dependent of the
synthesis temperature and of the oxygen pressure. The best conditions to have very low z values
requires making the reaction at 700°C under pure oxygen. It is necessary to use very reactive lithium
sources like Li2O or LiOH. Li,COs cannot be used because it requires a too high temperature to be
decomposed. From the crystallographic point of view the formula can be written: (Lii-
:Ni%*)[Ni*;Ni**1,]O2. In many papers it is considered that there is a Li/Ni exchange between the slab
and the interslab space; this is not likely to occur because it would require to have the small Ni3*
ions in the lithium layer. The extra-nickel ions are situated in the lithium site and have a dramatic
effect on the cycling properties because they prevent the reintercalation of Li* ions in their vicinity®*
88l The almost stoichiometric material which presents a good cyclability (Figure 8) is obtained in
very peculiar synthesis conditions which make the synthesis at the industrial scale more difficult
than that of LiCo02. 182°°01 Moreover, LiNiO> is very sensitive to moisture; this requires using very
dry atmosphere all along the process from the synthesis to the battery fabrication.

One important point concerns the characterization of the exact stoichiometry on the material.
One can use the intensity ratio of the (003)/(104) XRD lines which gives only a tendency. The best
ways is to fit the atomic displacement parameter (Biso(Li site)) in the Rietveld analysis of the XRD
pattern which is very sensitive to the excess of electronic density carried out by the extra Ni ions.[7]
The presence of Ni?* ions in the lithium site has a strong effect on the magnetic properties: there is
formation of small ferrimagnetic clusters. The study of the magnetic properties (hysteresis loop) is
certainly the most sensitive way to detect Ni?* ions in the Li layer. %92 The voltage vs composition
curve of a Li//LiNiO2 cell presents a lot of plateaus which indicate the occurrence of structural
transitions.®394 All the phases were studied by XRD and electron diffraction. On Figure 8, typical
electron diffraction patterns, which indicate Li*/vacancies ordering, are also given with the
superstructure cells. °>%I For all compositions (x > 0.25) the O3 type oxygen packing is preserved,
while when all Li* ions have been removed there is formation of the O1 type structure®3! (NiO,) like
Co0,. Surprisingly the H(1-3) structure was never reported in this system, there is no real
explanation about this result. One can assume that the presence of Ni ions in the lithium layer
prevents for this phase formation. An interesting point concerns the LixNiO2 (0.50 < x < 0.75) solid
solution, which exhibits a monoclinic cell with a superstructure due a partial lithium-vacancy
ordering.””l The two end-members correspond to completely ordered structures, while the
intermediate solid solution results from the progressive filling of the 2c site, the 2d site remaining

unoccupied (Figure 9).



During the lithium deintercalation there is a continuous decrease of the anex. parameter due to
the Ni3* oxidation. The change of the chex. parameter (Figure 10) is more complicated. In a first step
(until x = 0.50) it increases due to the O-0O repulsion between adjacent slabs when the screening
effect of lithium, directly related to its concentration, decreases. Due to the cation oxidation, the
Ni-O bonds become more covalent leading to smaller charges on oxygen anions. This tends to
compensate the previous effect and chex. does not change significantly in the 0.3 < x < 0.5 range. For
lower amount of Li there is formation of the O1 packing (NiO2) which presents a very small interslab
space. As shown in figure 11 the large decrease of the cell volume leads to the particle de-cohesion
and the formations of cracks inside the particles. This phenomenon is observed in all layered
materials (even in the sodium ones); it leads to a capacity decrease in cycling with x < 0.3.

As Ni** ions are more unstable that the Co** ones the very deintercalated LixNiO2 phase are very
unstable thermally. Therefore, batteries with this material as positive electrode are very unsafe.8!
This lead Moly Energy Company to stop the production of these batteries at the end of the 90's.

Whereas stoichiometric LiCoO, exhibits a very low irreversible capacity upon cycling, that of
LiNiO; is not negligible and increases considerably with the presence of Ni excess. Nevertheless,
even for the most stoichiometric phase this point is not yet fully understood. To try to optimize the
LiNiOz based batteries performances many researches were carried out by a substitution of nickel
by various cations. In order to stabilize the ideal layered structure a part of nickel was substituted

by various cations: Co, Mn, Al, Fe, Mg, (Co + Mn).

3. 2. 2. Lix(Ni,Co)O;

The small size of cobalt ions leads to a slab contraction, which destabilizes the large Ni%* ions and
stabilizes Ni3*. Therefore, Ni%* ions in the lithium sites are not required for charge compensation.
For 20% of substitution (LiNio.80C00.2002) the structure exhibits the ideal layered structure with only
Li* ions in the interslab space.'® The cycling curve of this material is shown in Figure 12. The
irreversibly is very small and the cell polarization is very low. Structural (XRD) and physical properties
characterization (electronic conductivity, thermopower, ’‘Li MAS NMR) of the partially
deintercalated phases showed that nickel ions are oxidized in the first step during the lithium
deintercalation.[®? Cobalt ions are oxidized in the last step leading to electron delocalization.[*% For
the intermediate composition Lio.soNio.s0C00.2002 both species are simultaneously oxidized. [191 The
electrochemical behavior of this material family is at the origin of intensive studies. (192103 A5 cobalt

prevents to the presence of Ni%* ions in the lithium layer, this cation is almost always used even
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when other substituting cations are considered in lithium nickel oxide. 1 This material®! is use
for a long time in space applications (robots on Mars- NASA). After 9500 cycles with 40% DOD the

cell voltage decreased only of 1%.

3. 2. 3. Lix(Ni,Mn)Oz and Lix(Ni,Mn,Co)O;

Manganese substitution was studied by Dahn.!1%! For the LiMO, composition, the M cation is at
the trivalent state. Mn3* is not stable in front of Ni**: there is an internal redox reaction leading to
formation of Mn** and Ni%*, a part of Ni?* is in the Li site, leading to a decrease in the cell capacity.
In 2001 Ohzuku proposed the Li(Niz3Mn1/3C01/3)02 phase (called NMC333). [107-109 | The difference in
size between large Ni2* (0.70 A) cations and small ones (Mn** (0.54 A), Co®* (0.53 A)) and the 1:2
ratio leads to an ordering which was shown by electron diffraction. 119 This ordering allows to
accommodate the constraints and then to stabilize this phase with Ni?* in the slabs . The stabilization
energy resulting from the ordering prevents from the Ni%*/Li* exchange. Therefore, in this material
the first cycle irreversibility is small. This material exhibits very good electrochemical properties and
is now intensively used in numerous applications. Due to the presence of Mn**, Ni** ions are oxidized
in the first step of the deintercalation. Therefore, for a given level of deintercalation, the amount to
Ni#* is smaller than in the LixNiO2 system. This improve the thermal stability of the deintercalated
material, which is crucial for applications.

The work on NMC 333 was, in the last ten years, extended to all compositions possible in the Li-
Mn-Ni-Co-O phase diagram with four goals: (i) to increase the capacity, (ii) to decrease the price,
(iii) to increase the safety, (iv) to increase the cycle life. The relative priority between these four
parameters depends on the applications. The price being directly related to the material availability,
now the tendency is to suppress cobalt and increase the nickel amount for large cells like in EV,
which is not relevant from the safety point of view. Nevertheless, researches with other substituting
cations are important to understand the reaction mechanism involved in the real cycling of the
electrode material and in particular the reactions with the electrolyte a high voltage. To prevent for
the parasitic reactions many coating are considered in a very empirical way. Their presence is a key

point to optimize real cells.

3. 2. 4. Li(NiAl)O;
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Ohzuku was the first one to substitute Al for nickel and to show that the thermal stability on the
deintercalated phases was significantly increased vs LiNiO>. 111 As aluminum is not active there is a
significant decrease of the cell capacity. Depending on the aluminum amount, the very
deintercalated phases, which generally induces a capacity lost, cannot be reached. This chemical
limitation of the charge prevents for material overcharge and the formation of the unstable
deintercalated phases if the amount of aluminum is high enough.

This material family was considered for applications, Ukyo made a very detailed characterization
of this material and in particular with Ikuhara showed by very high resolution electron microscopy
that there is formation at the particle surface, and also at the grain boundary, of a rocksalt type

phase which increases the cell impedance. [112113]

3. 2. 5. Lix(Ni,Fe)O;

The effect of substitution of nickel by iron has been also studied. 4 The large size of Fe3* does
not destabilize the Ni?* ions present in the slab. The best material, which was obtained, contains 6
% of Ni%* in the lithium layer. 1*° Therefore, the cycling curve presents a significant irreversibility
(Figure 13a). The redox process involved during the cell charge was followed by Mdssbauer
spectroscopy. At the very beginning, only nickel is oxidized; then Ni3* and Fe3* are simultaneously
oxidized to the tetravalent state. Even, if in principle the iron oxidation is very difficult the large

3+/4+ jons, which tends to reduce

crystal field on the iron site imposed by the neighboring small Ni
the Fe-O bond length, makes easier the iron oxidation. As shown in Figure 13b for the fully
intercalated phase (x = 0.94) the isomer shift (IS = 0.33 mm/s) is characteristic of Fe3* in octahedral
environment. In the case of the strongly deintercalated phase (x =0.28) three isomer shifts are
determined (IS = 0.33,0.20 and -0.11 mm/s). They are respectively characteristic of Fe3*, Fe(3*3)* and
Fe** in octahedral environments. Fe3*3* indicates an intermediate state due to rapid hopping
between Fe3*and Fe** in comparison to the time constant characteristic of Méssbauer spectroscopy.

The understanding of the stabilization of oxidation state is important for the design of safer material

in the very deintercalated state.

3. 2. 6. Lix(Ni,Co,Mg)O;
The change in cell parameters of the electrode materials is one of the main contributions to the
fading of lithium-ion batteries. These changes induce constraints within the electrodes; there is a

decrease of the cohesion between the particles, which lead to an increase of the cell impedance
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and to a capacity loss. In layered oxides upon deintercalation there is a decrease of the anex.
parameter as a result of the M oxidation. In order to limit the cell capacity fading it is necessary to
cycle the cellin a limited composition range. Some cationic substitutions were carried out to prevent
from too large changes in chex. parameters. The partial substitution of nickel by magnesium in the
Li(Ni,Co)O; system has been studied in full cells. Figure 14 shows a comparison of the long range
capacity of C//Li(Ni,Co)2 and C//Li(Ni,Co,Mg)02 batteries cycled in the same conditions at 60°C (C
rate — 2.7<V < 4.0V ). 18 |n the case of the magnesium substitution, the fading is considerably
reduced. The XRD characterization of the pristine material shows that the Mg?* ions are in the Ni,Co
sites, while after 500 cycles the main part has migrated to the lithium layer where it acts as a pillar
to limit the change in chex. parameter upon cycling. The Mg?* ions, which are not stabilized by the
crystal field, are stable either in octahedra or in tetrahedra; therefore, they can migrate easily from
the octahedral site of the MO; slab to the octahedral site of the lithium layer. In the case of cobalt

and nickel, which are strongly stabilized in octahedral site, this migration is more difficult.

3. 2. 7. Li-rich materials

In this study of the synthesis Li(Ni1-xMn,)O2 Dahn discovered that more than 1 Lithium can be
present in the material. He showed that if excess lithium is introduced into the transition metal layer
a new process occurs during the first charge. 117118 This was the beginning of the story on
overlithiated phases Li[Li,Ni,Mn,Co]O2 which led for the last fifteen years to a considerable research
work in the world. [11%123] Thackeray’s group made a strong contribution in this field by considering
the presence in the LiMO; and Li;MnOs; domains. [124125] |n fact these domains exist only at the very
local scale (few octahedra). High resolution electron diffraction shows that the structure is related
to the LizMnO3 one with a disorder in the packing of ordered slabs. [126127] The electrochemical curve
exhibits at the first cycle a typical shape shown in Figure 15 when Li[Lio.20Nio.13Mng 54C00.13] Oz is used
as starting material. [128] |n a first step of the lithium deintercalation Ni and Co are oxidized to the
tetravalent state. Then, there is a voltage plateau between 4.5 to 4.7 V where almost all Li* ions are
removed from the materials. Several models where proposed to explain the oxidation process. Now
the community agrees on the following points: (i) part of oxygen is removed from the surface
accompanied by a material densification(*2>13% that was confirmed by electron microscopy, 31 (i)
in the bulk some 0% ions are partially oxidized!132134 to 029", During discharge there is reduction
of oxygen, nickel and cobalt to the 2-, 2+ and 3+ oxidation state, respectively. The oxygen oxidation

in LixMnOs was suggested by Koyama from First-Principles study. [13°! |t was shown experimentally
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by the Bruce team. 13¢] Ceder!!37) showed for the first time from theoretical calculations that the
presence of Li in the metal layer leads to orphaned oxygen orbitals which are not shared with
transition metal ions and therefore can be oxidized (Figure 16). This process is reversible during the
following cycles. At low voltage, some Mn* are reduced to Mn3*, which migrate, through a
reversible dismutation reaction, to the lithium layer with formation of spinel like nano-domains.
This irreversible structure modification leads to a loss of capacity and to a decrease of the cell
voltage, which is the main drawback of this material family for applications. Recently, the hypothesis
of a contribution of the reversible redox reaction Mn*/Mn’* was proposed. (138 Even if this
hypothesis has not been confirmed experimentally yet, it must be considered. For the homologous
lithium rich chromium layered oxides the chromium oxidation to Cré* was shown by XAS. (3% More
detailed characterization have to be carried out to clarify this point.

Many studies were carried out on these materials!'4%142l and extended to layered materials with
4d elements and Na-rich layer oxides. (143! For these materials the formation of peroxide pairs is

easier than for 3d elements. (144

3. 3. Thermal stability

The thermal stability of partially deintercalated layered oxides plays a major role on the safety of
Li-ion batteries at the charged state. At the discharged state both the negative electrode (graphite)
and the positive one (LiIMO;) are completely stable. Upon charging there is formation of LixC at the
negative electrode, which is very reductive vs the liquid electrolyte, and formation of deintercalated
LixMO; at the positive electrode. This material is very oxidizing vs the electrolyte (Fe**, Ni** and Co**
are not the standard oxidation state of these elements). Moreover, the deintercalated layered
oxides are unstable because of the ionicity of the M-O bond that induces strong repulsions between
the oxygen layers when the amount of screening Li* ions is not large enough to ensure the structural
stability. This behavior is evidenced by the following remark: layered structures are very common
in MS; chalcogenides whereas, MO; layered oxides cannot be obtained by classical solid state
chemistry. They were only obtained by electrochemical (or chemical) deintercalation from the
homologous lithium phase LiMO,. They are thermally decomposed above 100°C with oxygen loss.
This behavior explains why the thermal stability of the cell decreases continuously upon cell
charging. From the redox point of view, by increasing the temperature there is tendency to reduce
the average transition element oxidation state (oxygen evolution), whereas from the structural

point of view there is a tendency to redistribute the transition elements between the slabs and the
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interslab sites. The general tendency is to transform the deintercalated layered oxide to spinel and
then to rocksalt type phases. It must be kept in mind that the thermal reaction starts from the
negative electrode which reacts with the liquid electrolyte, if the temperature of the battery
resulting from this reaction is high enough to lead the decomposition of the positive electrode
material with oxygen evolution then the runaway occurs.

In the case of the LixNiO, system, the thermal stability problem was discovered by Dahn. %] |n
our lab, the structural modification of the positive electrode material was studied by XRD vs
temperature on partially deintercalated materials. Figure 17 shows the change in the XRD patterns
obtained from the two starting compositions LiosoNiO2 and Lio.30NiO2. In both cases the layer
structure is transformed into spinel and then to a rocksalt at higher temperature. (146! Because of
the increase of the instability when a too large amount of lithium is deintercalated, the
decomposition temperature decreases when the lithium content decreases. The thermogravimetric
- mass spectroscopy study realized in the same conditions allows following the oxygen departure
(Figure 18). From the layered Lio50NiO2 phase, the LiNi>O4 spinel phase is formed without oxygen
evolution, while in the case of the Lip30NiO2 phase there is a large oxygen departure at the transition
because there no enough lithium in the material to form a stable spinel. In both cases, there is
oxygen evolution if the spinel is transformed into rocksalt. This study was extended to the LiNii-
«AlxO2 system, previously mentioned. As expected the decomposition temperature of
deintercalated material was increased. (1471 The thermal XRD study of the deintercalated material
shows that the spinel formation and the decomposition occur at higher temperature when
aluminum is introduced in the structure. [1*81 One can assume that the stability of aluminum in
tetrahedral site delays the spinel formation and its decomposition. A schematic model of the cation
migration occurring from layer oxide to spinel is represented in Figure 19. Now the Li(Ni,Co,Al)O>

family (NCA) is used in commercial batteries (EV, HEV, PHEV, space applications).

4. The NaxMO: systems M = 3d cations

Due to the difference in size between Na* and M3* cations all NaMO; elements exhibit the layered
structure with the O3 type oxygen packing. The strong ionic character of the Na-O bond vs the Li-O
one increases the covalency of the M-O bond, which stabilizes the tetravalent ions. Therefore,
contrarily to the lithium homologues the sodium deficient phases NaxyMO; can be obtained by high
temperature chemistry for V, Mn and Co. They can present either the O3 (0.9<x<1), P2 (0.6

<x<0.8) or P3 (0.5 <x<0.6) oxygen packings. These limit values can change depending on the
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nature of M. The O3 and P2 phases are obtained in the 700°C-900°C range. The P3 phase are not
thermally stable, they decompose above 600°C into P2 and metal oxides. Several 3d cations can be
mixed in these structures depending on the relative stability of the various oxidation states.

As previously mentioned (Figure 3) the MOs octahedra have the same orientation in the O3 and
P3 structure, therefore a slab gliding can occur when sodium is deintercalated from O3 NaMO; with
the formation of P3 NaxMO.. This reaction is fully reversible; nevertheless, the constraints induced
by the gliding limit the long range cycling. The variation of the cell parameter is similar to that on
the Li systems (Figure 10). Nevertheless, the decrease of the interslab distance is more important
for NaxMO, because at the composition Na=03MO, all materials exhibit a trigonal prismatic
environment with a large interslab distance. In all systems, when the amount of Na* ions is smaller
than =0.2-0.3 there is formation of an octahedral environment. “0O1” from O3 or P3 and “02” from
P2 starting materials. In fact, in most of the experiments it is difficult to describe really the structure
due to the presence of a lot of stacking faults. In most cases, contrarily to the lithium systems, the
MO; composition is never obtained. On can assume that when the interslab collapses some Na*ions
remain trapped the structure. In the case of the P2-Nax(Fe,Mn)O; systems the formation of the OP4
type structure was mentioned.[*°! The formation of a phase with intermediate packing can be

related to that of the H1-3(01-03) in the LixCoO> system. [7°]

From the electrochemical point of view, the main difference with the lithium materials is the
observation of many voltage plateaus due to the strong tendency of Na*/vacancy ordering for
specific compositions. The large size of sodium leads to large repulsive interactions. In the case of
the O3 phases the NaOg octahedra share only edges with the MOg ones; therefore the ordering
results only from the Na*-Na* interactions while for materials with trigonal prismatic surrounding
the face-sharing between NaOg¢ and MOs polyhedra leads to more complicated arrangements.
Figure 20 shows the cycling curve of a Na battery with P2-Nao;C00,**% as positive electrode
material. While there is only one ordered phase (Lio.5C00>) in the LixCoO, system, there is a lot of
ordered phases in the sodium system. The same behavior is found in the P2-NayMnO,[*%, 03-
NaxV02°2 03-NaxCr0,1*>3 and 03-NaxNi0,*>¥ systems. In the case of the vanadium systems the
tendency of V3* and V# ions to make V-V bonds via the overlapping of the ty, orbitals lead to more
complicated superstructures with formation of dimers or trimers. The cycling curve obtained for the
P2-NaxVO; system™>5 and a view of the structure are given in figure 21. On the charge/discharge

curve, there is a significant voltage change when the structural transition occurs. The difference in
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voltage is directly related to the stabilization energy resulting from the ordering. The shape of the
curves with large variation of voltage are not interesting from the application point of view, even if
the structural transition are fully reversible. Depending of the size of the particle and of the change
in cell parameters at the structural transition, constraints leading to cracks can occur leading to an
increase of the cell impedance. Very similar phenomenon occurs when there is structural distortion
due to the Jahn-Teller effect of Mn3*. In short, to have a long cycle life, structural transitions must
be avoided. For the LixCoO2 and LixNiO; systems the voltage changes at the ordering/disorder
transitions are very small due the low stabilization energy of the ordering. In partially substituted
materials, the cycling curves are monotonous. This is evidence that the disordering in the slabs
prevent for Li/ vacancy ordering. The same behavior is observed for the Na systems; nevertheless,
the ordering is frequently observed for the Nao.s(L,M)O2 composition due to the stronger Na-Na

repulsions.

Another difference between lithium and sodium system is the variation on the voltage vs the
composition. For the Li//03-LiCoO; battery®® the voltage increases from 4V (x =0.95) to 4.3 V
(x =0.30) while for Na//03-NaCoO; one it increases (Figure 22) from 2.6V (x=0.95) to 4.0 V
(x=0.30) This difference in voltage variations(**®!, independent of the negative electrode, results
from the difference of energy of the starting materials. It is easier to deintercalate electrochemically
sodium than lithium. It is the same effect, which allows obtaining deintercalated materials by high
temperature solid-state chemistry as it was previously explained.

For the O3 type materials the alkali metal ion diffusion requires to go across a tetrahedra; the
bottleneck is an oxygen triangle. For the P3 and P2 type materials the intermediate site is a trigonal
prism and the bottleneck is an oxygen rectangle. Therefore, the alkali metal diffusivity is easier for
the sodium ions in trigonal P2 and P3 structures than for Li of Na in the O3 one. Moreover, the high

polarizability of Na* ion vs Li* make easier the Na* diffusion [*>7! (Figure 23).

4. 1. NaxCoO; and derivatives

Depending on the sodium amount, the 03, O’3, P3 and P2 structural types can be obtained by
solid-state chemistry under oxygen!®. They were used as positive electrode in sodium cells. For all
the materials a very good reversibility was obtained. 33! From the 03, 0’3 and P3 phases reversible
transitions between the three structures were observed. From the P2 phase the structure was

maintained in the 4.1-2V range. The electronic properties of deintercalated materials were studied

17



on sintered pellets which were electrochemically deintercalated to specific compositions. These
materials exhibits a very high electronic conductivity in the deintercalated state. >3 This behavior
is in agreement with the Goodenough’s rule about the electronic delocalization in oxides. 6% The
Co-Co distances in the CoO; slabs is smaller than the critical distance allowing a ty orbital overlap
through the common edge between CoO¢ octahedra. A very high value of the Seebeck coefficient
was also found. It shows that, even if the electron are delocalized, these materials are not “ideal
metals”. (1> This result was confirmed by Terasaki who found a high value of the Z factor, which
characterizes the thermoelectric materials. [1%9 In 2003, Takada reported the supraconductivity at
5 K of hydrated NaxCoO,. [*6% These two discoveries stimulated many researches from physicists on
the structure and physical properties of these materials. Single crystals were made by floating zone
at high temperature; in these conditions, it is difficult to know exactly their compositions. In order
to really determine the true phase diagram of the P2-NaxCoO; system we made an electrochemical
in situ XRD experiment during the charge of the cell. It shown the occurrence of many structural

transitions due to Na*/Vacancy ordering!®% (superstructure or modulation) (Figure 24).

Among the various substitutions, which were made from the NaCoO; phase, one has to mention
the P2-Naz/3Co1-,Mn,0; system which was explored in details by Yamada. 162! The relative effect of
the cations, depending on the y values, on the cell voltage was shown. For the P2-Nay/3Co2/3Mn130;
phase magnetic measurements and ESR analyses of the pristine material confirm the expected
presence of Co3* and Mn**ions. (163! Contrarily, to the homologous P2-NaxNi2;3sMn1/302 phase studied
by Dahn, the classical ordering is not observed in the slab for the 2/3 - 1/3 cationic ratio of the
transition metals. [2%* The Co3* and Mn** ions have very similar radii; this shows that the ordering
results from the difference in size and not from the charge of the cations which can contribute in
the second order. The discharge curve of the battery with the P2-Nay/3Co2/3Mn130; phase is
compared to the P2-NayCoO; one on Figure 25. Both curves present a voltage drop at the
composition x = 0.5 due to Na*/vacancy ordering. When sodium is intercalated there is large
decrease of the cell voltage due to low voltage of the Mn**/3* couple. In fact, an XAS study has shown
that a part on Co3* is reduced to Co?* at low voltage. [16°]

In the case of the 03-NaCo1/;Fe1/20; phase good electrochemical performance were obtained.

Micro-sized material exhibits very good behavior at high rate. [16]

4. 2. NaxMnO; and derivatives
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In the NaxMnO> system, the structural types O’3-NaMnO; and P2-Na-0.70MnO; were obtained, for
the first time, by solid state chemistry under oxygen by Fouassier. *% 0’3-NaMnO; crystalizes in the
monoclinic system (C2/m) thanks to the Jahn-Teller effect of Mn3*. During the Na deintercalation
there is oxidation of Mn3* to Mn* which is not a Jahn-Teller active ion. A very detailed study of the
“Naz;3sMn0;” phase was made by Stoyanova who confirmed the presence of Mn vacancies by ESR
and magnetic measurements.['®’l Both O3 and P2 phases were characterized from the
electrochemical point of view. 34 Ceder showed from the 0’3-NaMnO; phase a significant difference
between the shapes of the charge and discharge curves which indicates a reversible hysteresis
phenomena.[’%8 This result was recently confirmed by a very detailed characterization which shows
the existence of several ordered phase.l'®® The simultaneous presence of Jahn-Teller distorted
Mn3*0g octahedra and to non-distorted Mn**Os ones induces local constraints in the material, which
can be minimized by cation charge ordering. This can lead to many superstructures where the
Na/vacancy ordering occurs with the charge ordering. This was shown for the first time for the
Nas;sMnO> composition.l'’% The “super charge separation” associated to Na* ordering was
observed for Na;sMnOz and Nai/2MnO; compositions.[8?1 P’2-Nap 70MnO2, which contains 30 % of
Mn* ions, crystalizes in the orthorhombic system (Cmcm) while the P2 “Nap70Mn0O2” which is
obtained under 4 bars of oxygen crystalizes in the hexagonal (P63/mmc). It contains an excess of
oxygen. Its chemical formula is Nao70MnOz+y (0.05 <y <0.12). In fact, the structural formula is
Na1.4/2+v))MnO2/2+y)02, which indicates the presence of manganese vacancies in the slab. In this
oxidized material, the amount of Mn3* is reduced leading to the disappearance of the cooperative
Jahn-Teller effect.

The Komaba’s group, who succeeded to synthesize for the first time the ideal material without
any manganese vacancy, clarified the effect of the presence of Mn vacancies in the P2 phase on the
electrochemical behavior. 71 They shows that this material, with Jahn-Teller distortion, exhibits a
larger reversible capacity and a reduced fading upon cycling than that of the oxidized phase with
Mn vacancies. Nevertheless, there is no clear explanation of what is going on.

Among the various studies reported on substituted materials, the Nax(Fe,Mn)O; system is
particularly interesting either for the application point of view and for the scientific one.l172173]
Several Fe/Mn ratio were considered. 1741831 Sodjum batteries with the 03, P3 and P2 phases were
cycled in various voltage range. The best results were obtained for the P2-Nax(FeosMno5)02 phase
(200 mAh/g) at the first cycle. On cycling there is a decrease of the capacity, principally when the

upper limit of voltage is higher than 4.0 V. This phenomenon, observed in all systems, is related to
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the slab gliding which occurs when a too large amount of sodium is deintercalated from the interslab
space. Mossbauer spectroscopy shows that iron is involved in the redox process. Figure 26
represents the Maossbauer spectra of materials obtained (ex situ) by intercalation and
deintercalation in the P2-Nax(Feo.sMno.s)O2 phase. For x > 0.5 only Fe3* is observed, as expected. For
x=1, all Mn* ions are reduced to Mn3*, there is a broadening of the pattern characteristic of a
distribution of quadrupolar effects resulting from the local distortions of Mn3*O¢ octahedra (Jahn-
Teller effect of Mn3*). For x< 0.5, there is a change in the isomer shifts, characteristic of the
oxidation of Fe3* in Fe** and Fe3*2*, Fe3*2* corresponds to an intermediate oxidation state when
one electron is exchanged between Fe3* and Fe** ions. (184 Depending on the Fe/Mn ratio the redox
domain of the Fe3*/Fe** and Mn3*/Mn* couples overlap or not. If there is an overlapping there is a
continuous increase of the voltage in charge while, if there is no overlapping there is a voltage gap.
In this case, at the exact composition when there is only Mn** and Fe3*, there is strong decrease of

the electronic conductivity (larger polarization) of the electrode. [18°

4. 3. Nax(Li,Mn)O; and Nax(Mg,Mn)O.

Yabuuchi and Komaba in their very first study on the P2-Na(Li,Mn)O; system suggested the
oxygen oxidation to explain the electrochemical behavior. [18%] The oxygen oxidation was confirmed
by DFT calculations'®! and extended to the P3-type structure. [18818] The P2-type
Nao.72[Lio.2aMno.76] 02 phase, where all manganese ions are tetravalent exhibits a high initial charge
capacity of 210 mAh/g (0.72 Na) based on a pure anionic redox reaction. The P2 structure can be
maintained upon cycling. [1°0

By analogy to the lithium rich materials, sodium layered phase with Mg and Li in the MO slabs
were considered. [*% Bruce and coworkers have shown that Na can be deintercalated from the
Naz/3(Mgo.2sMno.72) 02, which contains a small amount of Mn3* ions. 192 This behavior is very similar
to that of the lithium-rich materials. The oxygen surrounding Mg?* ions, in the MO slabs, exhibits

orphaned 2p orbitals, allowing oxygen oxidation.

4. 4. NaxNiO; and derivatives

Due to the instability of Ni** the partially deintercalated phases were never reported by high
temperature solid state chemistry. Like NaMnO,, NaNiO> crystallize in the C2/m space group (LS Ni3*
is a Jahn-Teller ion). 1 There is only a few studies of their electrochemical properties. [33193-195] The

charge/ discharge curve (Figure 27) of a Na//NaxNiO2 battery presents several phase transitions
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corresponding to peculiar values of x (1/3, 2/5, %, 2/3). For all of them, the cell parameters where
determined. 33194 For NayNiO; (x =2/5, %, 2/3) there is evidence of superstructures. The cell
parameters of the supercell were determined, but the detailed structures have never been solved.
(195 The substitution of nickel by cobalt (NaNiosCo0.40;) suppresses the sodium/vacancy ordering in
the deintercalated material. Upon deintercalation the 03¢>0’3 and O’3¢>P’3 transitions occur
successively. The magnetic and electronic conductivity studies on the deintercalated material shows
that nickel is oxidized before cobalt. The very high electronic conductivity of the P’3 phase
(Co3*/Co*) and the presence of the trigonal prismatic environment lead to a very small polarization
of the cell. 3%

The partial substitution of Ni by Mn allows to get rid of the presence of the Jahn-Teller Ni3* ions.
The internal redox reaction between Ni** and Mn3* leads to Ni?* and Mn*". In 1999, Paulsen and
Dahn synthesized the P2-Na/3(Ni1sMny/3)02 phase and then opened the way to the whole material
family.'%! |n this phase, there is a honeycomb ordering between the large Ni?* ions and the small
Mn* ones. These materials were used by as precursor to obtain metastable lithium phases, which
were carefully studied. [**71 The partial substitution of nickel by cobalt prevents for the existence of
the superlattice and leads to the presence of stacking faults in the lithium exchanged material. (18!
Then the P2-Nay/3(NizMn23)02 and 03-Na(Nii2Mn1/2)02 materials were really considered for
practical intercalation electrodes. In both systems, Ni** are formed only in the second part of the
deintercalation process, which is key point to increase the battery safety. From the P2 phase at 4.2 V
vs Na/Na* there is formation of the 02 phase by slab gliding. [1*°! Even if the structural transition is
completely reversible from the structural point of view, there is an important capacity decrease
during long range cycling. If the upper limited voltage is limited to 4.1 V the fading is significantly
reduced. 2% The capacity lost on the 4.2 V plateau has been recently related to oxygen evolution.
[201] Similar results were obtained by deintercalation / intercalation from the 03-Na(Nii/2Mn1/2)0;
phase. The reversible structural O3 <= P3 transition occurs, followed by a voltage plateau at 4.2V,
where the classical collapse of the interslab distance occurs. [202-204]

The 03-Na(Nio.sFeo.4)02 phase studied by the Yamada group shown that to metal charge transfer,
which suppresses local distortion of the Jahn-Teller Ni3* ion, can also contribute to the improved

cycle stability. (203!

4. 5. NaTiO: and derivatives
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Sodium deintercalation from NaTiO, was reported more than 30 years ago. An irreversible Ti
migration was observed when more than 0.3 Na were deintercalated due to the non-crystal field
stabilization of Ti** in octahedral site. [2%! The Huang’s group synthesized the P2-Nao.es(Lio.22Tio.78)02
phase and use it as negative electrode. In this experiment, the Ti**/Ti** redox couple is involved.
0.34 sodium can be reversible intercalated at low voltage between 1.0 V and 0.5 V without any
change in cell parameters, leading to a zero-strain-material. 2°7] This original approach was extended
to the P2-Naoss(Cro.sTio.s)O2 phase. This material can be used either as a positive electrode (Cr3*/Cr#
redox couple) or as a negative electrode (Ti**/Ti* redox couple) leading to a symmetric battery able

to be cycled at high rate. 208l

4. 6. Poly-substituted materials

From the previously presented materials, many experiments were made to try to optimize the
material performances. The main goal was to prevent the capacity fading at high voltage. Up to four
transitions elements were used among (Co,Ni, Mn, Fe, Cu, Mg, Ti, Ca-, Zn).[20%-2191 Whatever the
starting material (P2 or O3 type), in all cases there is at around 4.2 V vs Na/Na* a phase transition
with formation of octahedral environments for the remaining sodium ions associated to the large
decrease of the interslab distance which induces cracks in the particles. This leads to a rapid
decrease of the reversible capacity. When copper is introduced in the lattice (10% of the transition
elements), there is stability of the cycling capacity. It was assumed that the presence of inactive Cu®*
Jahn-Teller distorted (CuQOsg) octahedra stabilizes the distorted P’2 structure and limits the structural
constraints. 229 Some promising experiments were made by incorporation of inactive ions (Mg[?24],
Cal??2?)) with large size which can move to the Na layer and then acts as a pillar to prevent the slab

gliding at high voltage and limit the collapse of interslab distance.

5. Conclusion

Forty years after the John Goodenough’s discovery, the layered oxides are always the main used
positive electrode materials in lithium-ion batteries. A huge number of compositions were
considered to understand the mechanism involved during the cycling and to try stabilizing the
structure in a large lithium (sodium) composition domain. The safety problems have been

significantly reduced by cationic substitution. Now, the new characterization techniques allow to
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analyse the material at very small scale. The tendency is to add very small amount of some elements
and to make specific coatings.

Cobalt, is used (at least partially) for small batteries, which deliver the highest energy density
(Wh/Kg or Wh/I). For a few years researches on positive electrode materials are focused on Ni Rich
for EV, HEV, PHEV thanks to their very high energy density. The problem of their low thermal stability
must be solved. Even, if all compositions seem to have already been tested, one can expect new

improvements in the future.
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Figure 1. The general structure of a layered oxide

RA+/RM3+

e 3D
20

= = Layered =
1.8 f =

1.6 = =
14 | = J
1.2 = = ° Li
[

1.0 L =
Ti \') Cr Mn Fe Co Ni

Figure 2. 2D or 3D structures of A MO, oxides
as a function of the cationic radii ratio.



>D® WO OP>PP>P®

(1/3,2/3,0)

1 slab over 2

OP4

Figure 4. Perspective view of the structures of 04
and OP4 cobalt layered oxides.

33



Evs. Lit/Li (V)

chex.

L//Vu;uncy
ordering

4.8 4
4.6 4
4.4 4
4.2 4
4.0
3.8 Monoclinic phase
transition
3.6 1
34 ——  LiCoO,
3.2 ——  Li1 02009801 0
3.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
xinLiCo O,

Figure 5. First cycle curve of a Li//LiXCoO2

battery. A representation of the structure of
Li, 5,C00, is given in insert.
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Figure 7. Effect of the presence of Li ions in the cobalt layer of LiCoO, phases. In the over

lithiated phase two IS-Co3* ions are in square pyramidal environment. Adapted with
permission. Levasseur S., Ménetrier M. et al. Chem. Mater. 2003, 15, 348 Copyright 2020,
ACS.
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Figure 8. First cycle galvanostatic charge and discharge of a Li // Li NiO,

battery. Electron diffraction and lithium/vacancy ordering for peculiar
compositions.
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superimposed.
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Figure 11. SEM image of Li Ni
after one cell charge.
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Figure 12. Electrochemical cycling of a Li //
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Figure 13. First cycle galvanostatic charge and discharge of a Li//
LiX(NiO.QOFeO.w)O2 battery. For the peculiar compositions indicated on the

curves, the Moéssbauer spectroscopy shows the iron oxidation.
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Figure 14. Effect of magnesium on the long range
capacity of C//Li(Ni,Co)O, batteries. The fading is
considerably reduced for magnesium substituted
materials. The cationic migration in the lithium
layer acts as pillars which reduces the cell
parameter changes.
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Figure 15. Cycling curve of a Li//Li ,Ni ,.Mn__Co  .O

01372

2+ 3+
battery. In a first step Ni and Co ionsare oxidized to the
tetravalent state. On the 4.6 V plateau O, is removed from

the surface with material densification. Simultaneously, in

- -8)-
the bulk, O2 ions are partially oxidized to O(2 ) .
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Figure 16. Comparison of the oxygen environment (a,c) and the schematic band structure
(b,d) of LiMO, and Li(Li M, ,)O, layered structure. Reproduced with permission of D-H. Seo,

J. Lee, A. Urban, R. Malik, S. Kang and G. Ceder, Nat. Chem., 2016, 8, 692. Copyrigh 2020,
Nature.
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Figure 17. Thermal changes of the XRD patterns of Li NiO, (x= 0.50, 0.30)

phases obtained by electrochemical deintercalation. The transformation
from layer to spinel and then two rocksalt is clearly evidenced. Adapted
with permission. Guilmard M., Croguennec L. et al. Chem. Mater. 2003,
15, 4476 Copyright 2020, ACS.
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Figure 18. Oxygen evolution during the thermal treatment of Li NiO, (x= 0.50,
05oNi0, the

layer to spinel transformation occurs without oxygen evolution. Adapted with
permission. Guilmard M., Croguennec L. et al. Chem. Mater. 2003, 15, 4476
Copyright 2020, ACS.
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Figure 19. Schematic cationic migration of nickel and
aluminum during the layer to spinel transformation.
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Figure 20. Electrochemical cycling of a Na //
P2-Na CoO, battery.
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Figure 21. Electrochemical cycling of a Na // P2-Na VO, battery (a). Structure of the Nal/ZVO2 phase

obtained by electrochemical deintercalation: sodium ordering in the Na layer (b), formation of
vanadium trimers in the VO, slab (c). Adapted with permission Guignard M., Didier C. et al., Nat.
Mater. 2013, 12, 74 Copyright 2020, Nature.
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Figure 23. Comparison of calculated
diffusion barriers for LiCoO, (LCO) and
NaCoO, (NCO) with permission S. Ping Ong,
V. Chevrier, G. Hautier, A. Jain, C. Moore, S.
Kim, X. Ma and G. Ceder, Energy Environ.
Sci., 2011, 4, 3680. Copyright 2020, RCS.

41



Intensities (a.u.) Sodium content (x)
*
3 r0.90
7
3 F0.85
= | 3 - ::‘
— =T \ (9)3 F0.80
/ 7
: e Sl 7\
: = X (g7 |-2sv
= 2N Eal F0.75
/ e C2EAR
777,/& S :g 73 247V
= = | ]J‘\
==\ 7 \-asev Lo.70
Jt (_Naxycoo; ] 3] §
o 7 | +0.65
5 \~280V
7
T
T T T T T T 1T T T 7T T—T060
68.0 685 690 695 700 705 71.0 71531 3.0 29 28 27 26 25 24 23 22 21
Voltage (V)

26 K, Cu (%)

Figure 24. In situ XRD discharge of a P2-Na CoO, (x > 0.60)
sodium cell. Only the position of the (008) diffraction line is
represented. All XRD patterns were recordered after cell

relaxation. Adapted with permission Berthelot R., Carlier D. and
Delmas C., Nature. Mater. 2011, 10, 74 Copyright 2020, Nature.
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Figure 27. Cycling curve of a Na//NaNiO,
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40 years after the John Goodenough discovery of LiCoO,, which is used in almost all mobile devices,
AxNiO; based layered oxides are the most promising material for HV,PHEV and EV (A = Li) and for
stationary batteries (A = Na). The great contribution of solid-state chemistry allowed to understand
almost all mechanisms involved during the battery cycling and to optimize the material by

substitution.
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