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30 ABSTRACT

32 Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy
(HAADF STEM) and electron nano diffraction investigations have been carried out to follow changes in
35 the local atomic structure of three Li-rich layered oxides recovered after a single charge-discharge
36 cycle, performed in different conditions. The structure of the pristine material Li1 20Mno54C00.13Nio.1302
38 was fully characterized. It was then compared to those of the materials recovered after one
39 electrochemical cycle in a lithium battery, with the upper voltage limit being either just below the
41 voltage of the irreversible “plateau” typical of Li-rich layered oxides, or just above. An in-depth study of
42 the material obtained chemically, after an oxidation to deintercalate Li and then a reduction to
44 reintercalate Li, was also performed for comparison. The main message of this paper is that the
45 ‘plateau” is not associated to an extended structural reorganization of the material. The irreversible
processes associated to cation migration are restricted to the external part of the particles. The results
48 reported here support the oxidation of oxygen ions we have earlier proposed to occur reversibly in the
core of the particles and to be the actual origin for the exceptional capacity of Li and Mn-rich layered
51 oxides.
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I. INTRODUCTION

The Li- and Mn-rich layered oxides (that can also be written as (1-y)Li2MnO3.yLiMO2 (M = Mn, Co,
Ni) according to the notation proposed by M.M. Thackeray, with the overall Li/M ratio higher than 1)
currently attract considerable attention as most promising positive electrode materials due to their very
high energy density'5. Some authors consider that they are composed of two phases (or domains),
namely Li2MnO; and ideal layered LiMO2%9, while others propose that a “solid solution” (i.e. a
homogeneous cation distribution) exists with a cation ordering in the transition metal layers'0-15, The
recent results reported by McCalla et al. have clearly demonstrated that, depending on the composition,
the oxygen partial pressure and the cooling rate can be critical to control the formation of a single
phase, essential to deliver good electrochemical performances?6-1, It is well known that in LiMnOs (i.e.
Li(Li13Mn2:3)O2, described in the space group C2/m) the difference in size between the Li* and Mn#*
ions with a Li/Mn ratio of 1/2 leads to a complete ordering within the transition metal layers (Figure 1
and Table S1, see supporting information for that latter)?0-2!. In ideal 2D LiMO- layered oxides
(described in the space group R-3m), extended ordering can be observed within the slabs only for the
Li(Ni1sMn13Co113)O2 composition that exhibits the ideal 1/2 ratio between the large (Ni2*) and the small
(Mn#* and Co®) cations. In the case of the Li-rich layered oxides, only those belonging to the
(1-X)Li2MnO3.XLi(Ni1sMn13C013)O2 system thus exhibit the ideal composition required to establish an
extended cation ordering within the slabs; nevertheless, a tendency to ordering with a symmetry
change can be observed for compositions slightly different from ideal ones?2. These considerations can
explain discrepancies in literature reports.

The aim of this paper is to get more insight in the atomic structure of the Li1 20Mno 54C00.13Ni0.1302
material revealed to be very attractive as positive electrode for lithium-ion batteries, using very
powerful techniques such as electron nano-diffraction and aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) imaging with a probe size of
0.1 nm. The material was shown to be homogeneous at all length scales with an ordering among two
crystallographic sites of the large cations (Li*, Ni2*) on one side (~0.70 A) and the small cations (Mn**,
Co%) on the other side (~0.54 A) (Table S1). The nature of the cations was determined combining
especially X-ray and neutron diffraction, both being complementarys. We clearly evidenced by electron
diffraction the ordering in the transition metal layers, with the absence of an extended long range
ordering perpendicularly to them. This cation distribution is in very good agreement with the
expectations, as a way to minimize the strains in this structure that contains four cations (Li*, Ni2*, Mn4*
and Co%) in the slabs. With nano-diffraction, the homogeneity of the atomic structure can be checked
within and among the crystals (from the surface to the bulk). As HAADF-STEM discriminates atoms
with small and large Z electron numbers23, it allows determining the extent of the cation ordering within
the transition metal layers and the nature of the stacking between the ordered slabs along the c-axis.
Getting this in-depth understanding of the atomic structure of Li120Mno54C00.13Nio.1302 is essential to
study the structural modifications occurring upon cycling and to establish a link with the peculiar
mechanism involved in these positive electrode materials. Indeed, we recently proposed that oxidation
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of oxygen from the outer part of the particles leads to oxygen loss and reconstruction of this part of the
material during the first charge, whereas oxygen in the bulk of the material reversibly participates in the
redox process without major modification of the structure2*-26, Note that recently Sathiya et al. came
also to that conclusion, i.e. the reversible participation of oxygen to the redox properties, for the
Li2Ru14SnyO2 system, a Li-rich layered oxide that shows also an irreversible high voltage plateau
during the first charge and an overcapacity versus the number of electrons that can be exchanged
considering the transition metal ions only?7.

Il. EXPERIMENTAL

Li120Mno54C00.13Ni0.1302 was obtained by a sol-gel method from an aqueous solution of
Li(CH3COO) (99 % Aldrich), Mn(CH3COO0)2.4H20 (99 % Aldrich), Co(CH3C00)2.4H20 (99 % Fluka),
Ni(CH3C00)2.4H20 (99 % Aldrich) and Glycolic acid (99 % Fluka) as chelating agent. A detailed
description of the preparation of the material as well as its full characterization is reported in ref 15.
Using chemical and redox fitrations, diffraction (X-rays, neutrons and electrons), magnetic
measurements as well as NMR and Raman spectroscopy, the material was shown to be characterized
by the formula [Lio.0sNi'o.02]interslab space[Lio.22Ni'o.11MNnVo 54C0lllg 13]s1absO2 and to be homogeneous at all
length scales'®.

The positive electrodes consisted of 80 wt% of active material, 10 wt% of a carbon black /
graphite (1:1) mixture and 10 wt% of polyvinylidene fluoride (PVdF) binder cast on an aluminum foil.
They were then pressed at 40 MPa after being dried at 80°C during overnight. Coin cells were
assembled in an argon filled glove box with Li metal as counter electrode and 1M LiPFg dissolved in a
mixture of propylene carbonate (PC), ethylene carbonate (EC), and dimethylcarbonate (DMC) 1:1:3 by
volume, as electrolyte. A first sample was recovered from the battery after a charge before the “plateau”
and a discharge. Another sample was also recovered from the battery, but after a 1st charge up to 4.8 V
vs. Li*/Li (i.e. after the “plateau”) and a discharge, as shown in figure 2.

Li was also deintercalated chemically from Lis.20Mno54C00.13Nio.1302, which was preliminarily
dried at 120°C overnight, by dropping a 0.3M NO2BF4 acetonitrile solution into a suspension of the
Li120Mno 54C00.13Ni0.1302 powder in acetonitrile. The mixture obtained was maintained under stirring
for 1 day. Chemical Li reinsertion was performed by adding an 0.3M Lil acetonitrile solution to the
material previously chemically deintercalated in suspension in acetonitrile, stirring was maintained for
3 days. The powder obtained after chemical Li deintercalation and reinsertion was washed thoroughly
with acetonitrile. These chemical Li deintercalation and reinsertion were carried out in an argon filled
glove box. As reported by some of us in ref 25, the material obtained after chemical Li deintercalation
and reintercalation was fully characterized. It was shown to be very similar in composition, structure
and electrochemical properties to that obtained electrochemically after one cycle from batteries.

Prior to the observation in transmission electron microscopy, a suspension was obtained by
grinding the material in hexane, a droplet of this suspension being deposited on a formvar carbon film
supported on a copper grid. Electron diffraction experiments were carried out on many crystallites and
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very reproducible results were observed. The particles studied were chosen as isolated as possible.
HAADF-STEM images and electron nanodiffraction patterns were obtained using a JEM ARM200F
microscope. HAADF-STEM images were performed in different domains of the particles, thin enough,
due to limitations in resolution by thickness. To simplify the comparisons we use the R-3m space group
described in its hexagonal setting, to discuss the electron diffraction results and the structural
properties.

lll. RESULTS AND DISCUSSION

1. The pristine material

Prior to any characterization of materials recovered after cycling, an in-depth knowledge of the
pristine material was required to ascertain the homogeneity between particles and within each particle,
from the surface to the bulk. This first step is compulsory to use this material as a reference, since it is
known that any small change in synthesis conditions and in the composition can be at the origin of
significant differences in the atomic distribution at the local scale within the Lithium and
Manganese-rich materials.

To characterize the transition metal ordering in the transition metal layers, it is necessary, in the
transmission electron microscope, to view the material along one of the three equivalent directions
[-110]r-3m, [210]r-3m and [120]r-3m indicated in figure 1 by the red, blue and green arrows respectively.
Indeed, along these directions, the atomic columns only contain atoms belonging to one type of
crystallographic site (Mn or Li in the case of LiMnQOs3). Figure 3 presents a typical HAADF-STEM
image of the material viewed along one of these directions.

On the image given in figure 3, the lamellar character of the structure is clearly visible with lines
of bright dots separated with lines of only dark dots. As a matter of fact, the contrast in this type of
images is in first approximation proportional to Z'7. Thus, in our material, only the transition metal
atoms appear as white dots, whereas lithium and oxygen atoms are not visible since they correspond
to dark dots. As expected, the slab with mainly transition metal atoms appears with bright dots (orange
arrow) whereas the interslab space, with mainly lithium atoms, is not observed (orange and white
arrow). In the slab, an ordering between the cations is also clearly observed with the contrast of the
image (two bright dots - one darker dot) corresponding to the order Heavy-Heavy-Light. Considering
that Heavy) = (20% Co®*, 80% Mn#*) and Lyignyy = (60% Li*, 40% Ni2+), this fully corresponds to the
expected ordering based on size considerations and, as already discussed above, in agreement with
XRD an neutron diffraction data 5. It is also interesting to look carefully at the stacking of the transition
metal layers. Obviously three different stackings, materialized by colored lines in figure 3 can be
observed and the extent of the corresponding domains is up to six or seven slabs. The stacking
pointed out by the red, blue and green lines in figure 3 correspond exactly to the ideal stacking of the
ordered transition metal layers observed in various directions of the Li,MnO3 model compound. Indeed,
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the experimental image can be directly compared to the projections of the structure of LizMnOs3 along
the [-110]r-3m, [210]r-3m and [120]r-3m directions given in figure 4. These directions are perpendicular to
the cnex. axis and separated from each other by 60°. The crystallites, and it is a general observation for
this material, are then twinned. In this ideal stacking of Li2MnQOs, the actual crystalline symmetry is
lowered to monoclinic (space group C2/m). In the electron diffraction pattern corresponding to each
projection, the additional reflections corresponding to this lowering of symmetry are underlined by red
arrows.

In good agreement with these observations, the electron diffraction pattern given in figure 5a
shows three rows of intense reflections that can be indexed in the R-3m space group used to describe
the structure of the ideal O3-type layered materials. Diffuse lines parallel to ¢* are also visible between
the rows of the main reflections; they divide the [110] distance by three and are the signature of a
two-dimensional ordering in the transition metal layers?!. Nevertheless, the intensity along the diffuse
lines is not homogeneous since spots corresponding to the lowering of the symmetry (highlighted by
red arrows in figure 4c) can be obviously distinguished.

Note that if one considers only the main reflections of the electron diffraction pattern
corresponding to the non-ordered R-3m structure, the three theoretical electron diffraction patterns can
be exactly superimposed since the rotation between them is 60°. Only the location of the additional
reflections can discriminate between the projections. These observations and their interpretation were
already done and proposed by Boulineau et al on a rather different composition
(Li1.20Mno61Nio.1sMgo.0102)%. The inset given in figure 3 shows the theoretical image calculated
considering the alternating stacking of two types of domains along the chex axis. Obviously the
theoretical image is very similar to the experimental one. Note that the calculation was performed
considering a hypothetical Li2MnOz composition with the cell parameters of our compound
Li120Mno54C00.13Ni0.1302. The corresponding electron diffraction pattern is also compared to the
experimental one in figure 5. The additional reflections observed in the experimental diffraction pattern
are less defined than the corresponding ones in the theoretical pattern (Figure 5), in good agreement
with an actual stacking of the twin components less ordered than that used to calculate the theoretical
pattern.

To check for the homogeneity of the crystallites, nano-diffraction experiments were performed.
Figure 6 presents a set of typical nano-diffraction patterns obtained in a single crystal at different
locations, as shown in figure 6a each probed area being 45 nm in diameter. Even if the probe size is
rather large compared to the size of the twin components, the nano-diffraction patterns can give a
general trend. The information obtained using this technique is intermediate between that obtained
from selected area diffraction patterns and from images. The pattern in figure 6b originates from area
® and corresponds to the blue stacking of figure 4b, while the pattern in figure 6c is typical of areas
@, @, @ and @. In these areas, the predominant twin components correspond to the red and green
stackings of figures 4a and 4c. The pattern in figure 6d is typical of areas @, ®, ® and @, none of
the twin components are predominant. No additional reflection could be observed in any part of the
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crystallite studied. The same type of observations was made on all the crystallites explored by this
technique. Note that area ® corresponds to an ideal stacking of ordered slabs along one single
direction, i.e. [210], and that it is mainly surrounded by domains showing nano-twins, i.e. changes in
the orientation of the ordered slabs within a short distance (areas @, ®, ® and @).

Note that very locally, as for instance in the slab indicated by a red arrow on figure 3, a more
uniform contrast is observed. Such slabs with an almost uniform contrast have also been observed
previously, and they have been interpreted as the evidence of the occurrence of a second non ordered
phase (or domains) corresponding to an ideal layered LiMO>-type phase in one crystallite?s. Their
occurrence was analyzed to be in accordance with the description 0.6 Li[Li1sMn2s3]O2 . 0.4
LiNio.45sMno52sMgo02502 of the material Lit2Mnos1Nio.1sMgo.01O2. Nevertheless, in our case, the
frequency of appearance of such apparently non-ordered slabs is rather low. They do not appear in all
the crystallites and the thickness of these non-ordered domains is limited to one or two slabs. The
relative amount of these disordered slabs versus the ordered ones is obviously very different from what
one could have expected (i.e. 50%) if the material was made of separated domains of Li2MnO3 on the
one hand and of LiNi13sMn13C01302 on the other hand. Note that the difference in local structure
observed between Li1.20Mno54C00.13Nio.1302 and Li1.2Mno.g1Nio.18Mgo.0102 is in fact expected. Indeed, the
former is characterized by a ratio (number of large cations)/(number of small cations) within the slabs of
112, as in the ordered structure of LioMnO3, whereas the latter is characterized by a ratio close to 1/1
that prevents, “by definition”, any extended ordering within the slabs. We therefore propose another
interpretation to the observation of these non-ordered slabs. As illustrated on figure 7, the domain wall
can be localized within a transition metal layer, forming a stair step between the two adjacent domains.
The frontier between the two domains can thus be perpendicular to the direction of observation of the
columns of atoms. As the images observed by STEM or TEM are bidimensional projections in the whole
thickness of a crystal, the transition metal layer where this happens will therefore appear as disordered.
For the Li1.20Mno.54C00.13Ni0.1302 composition, the Li2MnOs type ordering is locally observed with various
orientations leading to domain formations in all parts of the crystallites. In some places, one transition
metal layer appears to be ordered and then disordered. This may happen if the wall between two
adjacent domains goes through the transition metal layer, but in a direction perpendicular to the
observation one. All this is possible because the oxygen network is the same in the whole crystallite and
the domain only results from the ordering of the cations in the transition metal layers. The presence of
micro-domains thus explains, by itself, all the observations made on the images (Figure 3) as well as on
the diffraction patterns (Figure 6). Area ® of figure 6a corresponds to a single type domain, and is
surrounded by areas @, ®, ® and @ that contain several domains and stair steps as that described in
figure 7.

2. The materials obtained upon Lithium deintercalation and reintercalation

Characterization of cycled materials is not straightforward, especially in their oxidized state (in the
charged state of the battery) at which most of them are unstable: during their observation in TEM, the
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electron beam produces irreversible damages and the actual structural modifications induced by the
electrochemical processes is no longer be observable. As the goal of this study is to determine if an
extended structural reorganization with cation migration occurs during the first charge of
Li120Mno54C00.13Ni0.1302, we chose to compare the pristine material to different materials recovered after
one cycle (i.e. with a lithium content close to 1): in that case the results obtained are representative of the
mechanisms involved during lithium deintercalation and reintercalation because the materials were
shown to be stable under the electron beam.

Representative HAADF-STEM images of the material recovered after the 1st cycle without the
“‘plateau” are given in figures 8a and 8b. These images could be obtained in thin parts of the particle
studied and are very similar to that shown in figure 3 for the pristine material. The ordering observed in
the transition metal layers (H-H-L) is not affected, as well as the extent of the 2D lamellar character. No
obvious presence of transition metal ions is observed in the Li sites. Figures 8c and 8d show for
comparison images representative of the material recovered after the 1st cycle of the battery including the
‘plateau”. The ordering (H-H-L) in the transition metal layers is still largely maintained as shown in
figure 8c, nevertheless some dark dots from the sequence bright dot - bright dot - dark dot are clearly
less visible (they are whitened). In addition, bright dots appear also in some Li layers as indicated by
arrows in figure 8d. This suggests, first, that upon cycling at high voltage on the “plateau” transition metal
ions have migrated to vacancies formed in the slabs by Li deintercalation and, then, that some others
have also migrated from the slabs to the interslabs?. These images are in rather good agreement with (at
least) a partial densification of the host structure of the material. These observations show clearly, as
expected from our previous results obtained by X-ray diffraction mainly24-25, that the migration of transition
metal ions is observed only when the battery is charged at higher voltage after the “plateau”. The main
point here to highlight is that the densified/reorganized domains are not dominant (extended) after one
cycle. These observations fully support the mechanism we proposed to explain the lithium deintercalation
and reintercalation reaction in these materials: the densification process, which results from the oxygen
loss from the structure, is restricted to the outer part of the particles and is far from being able to
compensate by itself for all the lithium ions deintercalated on the “plateau”24-26,

In order to fully support these results, we chose to study in parallel the material prepared chemically by
Li deintercalation using NO2BFs and Li reintercalation with Lil. As previously reported in25, materials
prepared by chemical Li deintercalation with NO2BF4 from Li120Mno.54C00.13Ni0.1302 and chemical Li
reinsertion with Lil show very similar chemical composition, oxidation state of each transition metal ion,
structural properties and electrochemical performance to those of the material recovered after the 1st
electrochemical cycle (see Figure 5 in ref 25). That material prepared chemically was largely analyzed
using HAADF-STEM and nano-diffraction to study the detailed structural changes of
Li1.20Mno.54C00.13Ni0.1302 during the 1st cycle. Figure 9 shows representative HAADF STEM images of
the crystallites observed for the material prepared chemically. The ordering (H-H-L) in the transition
metal layers is maintained in the internal parts of the crystals, within the bulk as shown in figure 9a, but
in external parts some transition metals have migrated into the vacancies formed by Li deintercalation
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from the slabs but also from the slabs to the interslab spaces in the sites previously occupied by Li* ions,
more at the surface as shown in figure 9b. The transition metals having migrated in the interslabs appear
to be rather ordered as shown in figure 9b (sequence bright dot - black dot). These analyses further
confirm that densification, at least partial, occurs in some parts of the crystals whereas the pristine
structure is maintained in other parts. This results support again the heterogeneous reaction occurring
during the 1st cycle with the formation of “two” phases as reported in the ref 24.

Analysis using nano-diffraction was also performed in order to screen the particles from the surface to
the bulk, as shown in figure 10, and to confirm the difference in structures between the surface and the
bulk. For patterns 1 and 2, the additional spots present between the diffusion lines reveal the formation of
defects near the surface?0. On the contrary, their absence shows that the initial structure is maintained
within the bulk. These results reveal again the formation of heterogeneous particles during the 1stcycle.
These observations are in good agreement with the results just discussed above and with other analyses
performed in our group?-%.

Concerning the nature of the defects, to discuss further the (H-L) ordering (sequence of bright dot -
black dot) observed in the interslab space in figure 9b, it is interesting to consider the inset that
compares the experimental image to the one expected for an ideal spinel structure LiM2Os, that can be
also described as a layered structure with transition metals in the interslab space
[Lio.5,7aMo.25,0n][Mo.750.25)onO2 (Td and Oh: in tetrahedral and octahedral sites respectively). Indeed, the
continuous potential decrease observed for these Li-rich layered oxides upon cycling is often assumed to
be associated to transformation of the layered structure to the spinel one. Note that the (H-L) ordering
observed in the interslab is that expected for a spinel structure. Nevertheless, from the simulated image
of LiM204 a sequence “strongly” bright dot - “weakly” bright dot is expected for the slabs. This sequence
is actually not observed in the experimental image. Two main sequences are in fact observed: (i) a rather
homogenous intensity within the transition metal atomic layer or (i) “strongly” bright dot - “strongly” bright
dot - “weakly” bright dot. As already discussed, images correspond to bidimensional projections in the
whole thickness of the crystal: it thus strongly suggests that the atomic columns observed in figure 9b
are in fact the “sum” of domains with defects (more on the external part) and layered-type domains
(dense or not). The domains with defects formed are characterized by a Chex/anex. ratio of 5.0 (vs. 4.90
expected for an ideal ordered spinel)?, still typical of a layered structure, and by the presence of
transition metal ions in octahedral sites in the interslabs. The structure of these domains with defects
could be perhaps also referred to as “splayered™0, i.e. between layered and spinel. Indeed, the
octahedral sites of the interslabs are partially occupied as in a spinel structure, whereas the slabs keep
memory of the Li2MnOs-type order observed in the pristine material.

If we compare our results obtained using STEM-HAADF to those recently reported by Boulineau et
al.28.31 for the Li-rich composition Li1 2Mno s1Nio.18Mgo.0102, it is interesting to highlight that after the first
cycle at high voltage the observations are similar. Indeed, there is heterogeneity within the particles with
a structure with defects at the surface and a layered structure maintained within the bulk. Nevertheless,
in our case whatever the conditions used to prepare the material (electrochemical or chemical), the
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extent of the domains with defects is more restricted. Two reasons can be considered to rationalize this
observation: (i) The Lis2Mnos1Nio.1sMgo.0102 material is a composite with only a partial “solid solution”
and the formation of LiMnOs and LiNio4sMnos2sMgo.o2s02  domains, contrary to  our
Li1.20Mno54C00.13Nio.1302 material that shows an extended “solid solution”; (ii) a peculiarity of the
Li1.2Mno.61Nio.18Mgo.0102 material is also that it contains about 25% of Mn3* among the total amount of Mn
and this could be the actual origin of this extended formation of domains with defects. Indeed, for
Mn3*-rich LiMnO: layered oxides, a systematic transformation of the layered to a splayered structure is
observed upon cycling through migration of manganese from the slab to the interslab32-33, Boulineau et al.
have also shown that, for the composition they studied, after 50 cycles the size of the domain with defects
remains limited. Nevertheless, the densification extends continuously upon cycling with the preferential
migration of manganese cations from the surface to the bulk leading thus to an increasing nickel
concentration at the surface®!. As mentioned above, Sathiya et al. studied different Li>Ru1.yM,O2 layered
oxides materials (M = Sn, Ti, Mn)27. 3435 in order to determine also the cause of the voltage decay
observed upon cycling and leading to a continuous decrease of the energy delivered by these lithium-rich
materials despite their large reversible capacity. They have shown that the voltage decay is maximum for
Ti-substituted materials and minimum for Sn-substituted ones, and in addition using also STEM-HAADF
that this trend follows the extent of cationic reorganizations®. The more extended the cationic
reorganization is, the larger is the domain with defects formed and the larger is the voltage decay.

IV. CONCLUSIONS

The nanostructure of the Lit20Mnos4C00.13Nio.1302 material has been explored using nano-diffraction
experiments and STEM-HAADF images, for the pristine composition and for materials recovered from
the batteries after the 1st cycle, with and without the “plateau”, and for the material prepared by a
chemical Li reinsertion after a chemical Li deintercalation. First, our study further evidences that the
Li1 20Mno 54C00.13Nio 1302 composition we have studied is a “solid solution” with ordered transition metal
layers and not a composite made of LizMnO3 and LiNiisMn13C01302 domains. The stacking of these
ordered layers gives rise to twins in all the crystallites, with an average domain size around six to
seven slabs. The goal here was to support further the mechanism we proposed to explain the
exceptional capacity of these Li-rich materials, i.e. the reversible participation of the oxygen anion to
the redox properties that occurs without major structural reorganisation, on the contrary to the
irreversible loss of oxygen that would imply large cationic migration and densification of the host
structure. By screening the particles of the (electrochemically or chemically) cycled materials from the
surface to the bulk, we have shown that domains with defects are formed at the external part of the
particle only, and that no structural modification is observed within the bulk. The defects are the results
of transition metal ions migration from the transition metal layers to the Li layers. In addition to these
defects, there is also a migration of the transition metal ions into the vacancies formed in the transition
metal layers by Li deintercalation during the first charge at high voltage. This latter observation fully
supports the occurrence of a densification process at the external part of the particles, implying
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irreversible oxygen loss and migration of transition metal from the outer surface to the “bulk”. In
previous studies (electrochemical characterization?* and neutron diffraction of the material recovered
after one chemical cycle?) we have shown that during the plateau ca. 0.40 electrons are extracted to
oxidize oxygen within the material (bulk) and ca. 0.30 to oxidize oxygen on the surface (with oxygen
evolution and densification). These results are in rather good agreement with the observations reported
here.

The essential information obtained from these high resolution microscopy and nano-diffraction
experiments is that no significant structural modifications occur within the bulk of the particles during
the first cycle and thus that the “plateau” is not mainly associated to oxygen loss, again supporting the
reversible oxidation of oxygen ions (without oxygen loss) in the core of particles.
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SUPPORTING INFORMATION AVAILABLE

Additional table: Table S1 gives the description of the cationic distribution in the transition metal layers,
by analogy with Li2MnOs in the C2/m space group. This information is available free of charge via the
Internet at http:/pubs.acs.org.
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FIGURE CAPTIONS

Figure 1: Representation of the transition metal ordering in the slab for the Li2MnO3 composition. The
blue line indicates the basic plane of the classical cell for layered structure (R-3m); the red dotted line
indicates the basic plane of the superstructure cell and the arrows indicate the projection directions
used in the HAADF STEM study in the following of the paper.

Figure 2: Charge and discharge curves typical of Li//Li120Mno54C00.13Nig.1302 cells, depending on the
potential window. The studied materials, recovered from batteries, are highlighted by black points.

Figure 3: Experimental HAADF STEM image of Li1 20Mno 54C00.13Ni0.1302. The solid red, blue and green
lines underline the different stacking of the slabs. The red arrows indicate partially apparently non
ordered transition metal layers. In inset is given for comparison an image simulated considering the
successive stacking along the chex. axis of two ordered domains twinned of 60°.

Figure 4: Projection of the LiMnOs3 structure along the three directions indicated by arrows in figure 1:
(a) along [120]r-3m, (b) along [210]r-3m and (c) along [-110]r-3m. The corresponding diffraction patterns
are also shown. Indexations correspond to the R-3m space group and the red arrows indicate the lines
with reflections due to the ordering of the transition metal in the layers.

Figure 5: Comparison of the experimental (a) and simulated (b) electron diffraction patterns of
Li1.20Mno54C00.13Ni0.1302. The simulation was performed considering LioMnOs with the cell parameters
of Li120Mng54C00.13Nio.1302 and the stacking of 3 slabs-containing domains showing two different
orientations.

Figure 6: Typical electron nano-diffraction patterns obtained for one crystallite of
Li120Mng54C00.13Nio.1302 (a): pattern observed in the area ® of the crystal (b), pattern observed in the
areas @, ®, ® and @ (c) and pattern observed in the areas @, @, @ and @ (d). The red and blue
lines underline the characteristic features of the patterns and are related to the lines of the same color
displayed on the theoretical patterns given in figure 4.

Figure 7: Schematic representation of a domain wall in a crystal leading to the formation of an apparent
non ordered layer (here made of blue dots (i.e. of transition metal ions M) only).

Figure 8: (a-b) Representative HAADF-STEM images of the material recovered after the 1st cycle of the
battery without the “plateau”, at different scales and in different places in a particle. These images are
representative of the bulk and of the outer part of the particles. (c-d)The corresponding images obtained
for the material recovered after the 1st cycle of the battery with the “plateau”. White arrows indicate the
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2

3 presence of transition metal ions into the Li layers. These images are representative of the outer part of
g the particles only; within the bulk the images obtained are similar to (a-b).

6

; Figure 9: Representatives HAADF-STEM images of the material obtained after chemical Li reinsertion in
20 a material previously chemically deintercalated, in the bulk (a) and at the surface (b) of a particle. In
11 inset of (b) is given for comparison an image simulated considering the formation of pure spinel-type
12 domain.

13

14

ig Figure 10: Zones of the crystal analyzed by nano-diffraction and the corresponding nano-diffraction

17 patterns obtained for the material prepared chemically from Li1 20Mno.54C00.13Nio.1302. The additional spots
present between the diffusion lines reveal the formation of defects near the surface.
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asite W Li
B site O Mn

R-3m

Figure 1: Representation of the transition metal ordering in the slab for the Li-MnQO3z composition. The blue line
indicates the basic plane of the classical cell for layered structure (R-3m); the red dotted line indicates the basic
plane of the superstructure cell and the arrows indicate the projection directions used in the HAADF STEM study
in the following of the paper.

16

ACS Paragon Plus Environment



Page 17 of 27

©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

Genevois et al. - 09/12/2014 submitted to J. Phys. Chem. C

90 5

545

S25 - After the 1st cycle ®After the 15t cycle
with the “plateau” without the “plateau”

2.0 .

0 0.2 0.4 0.6 0.8 1 1.2
x in Li,Mn, 5,Co, 43Ni; 45,0,

Figure 2: Charge and discharge curves typical of Li//Lis.20Mno.54C00.13Nio.1302 cells, depending on the potential
window. The studied materials, recovered from batteries, are highlighted by black points.
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Figure 3: Experimental HAADF STEM image of Lis20Mnos4C00.13Nio.1302. The solid red, blue and green lines
underiine the different stacking of the slabs. The red arrows indicate partially apparently non ordered transition
metal layers. In inset is given for comparison an image simulated considering the successive stacking along the
Chex. axis of two ordered domains twinned of 60°.
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36 Figure 4: Projection of the Li,MnQj3 structure along the three directions indicated by arrows in figure 1: (a) along
37 [120]g-am, (b) along [210]rsm and (c) along [-110]zsm. The corresponding diffraction patterns are also shown.
39 Indexations correspond to the R-3m space group and the red arrows indicate the lines with reflections due to the
40 ordering of the transition metal in the layers.
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Figure 5: Comparison of the experimental (a) and simulated (b) electron diffraction patterns of
Li1.20Mno.54C00.13Ni.130,. The simulation was performed considering Li-MnOs with the cell parameters of
Li1 20Mno.54C00.13Nio.1302 and the stacking of 3 slabs-containing domains showing two different orientations.

20

ACS Paragon Plus Environment

Page 20 of 27



Page 21 of 27 The Journal of Physical Chemistry

Genevois et al. - 09/12/2014 submitted to J. Phys. Chem. C

©CoO~NOUTA,WNPE

30 Figure 6: Typical electron nano-diffraction patterns obtained for one crystallite of Lis20Mng.54C00.13Nio.130: (a):
31 pattern observed in the area ® of the crystal (b), pattern observed in the areas @, ®, ® and @ (c) and pattern
observed in the areas @, @, @ and @ (d). The red and blue lines underline the characteristic features of the
34 patterns and are related to the lines of the same color displayed on the theoretical patterns given in figure 4.
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Figure 7: Schematic representation of a domain wall in a crystal leading to the formation of an apparent non

ordered layer (here made of blue dots (i.e. of transition metal ions M) only).
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45

49 Figure 8: (a-b) Representative HAADF-STEM images of the material recovered after the 1%t cycle of the battery
S0 without the “plateau’, at different scales and in different places in a particle. These images are representative of the
52 bulk and of the outer part of the particles. (c-d)The corresponding images obtained for the material recovered after
53 the 15t cycle of the battery with the “plateau’”. White arrows indicate the presence of transition metal ions into the Li
55 layers. These images are representative of the outer part of the particles only, within the bulk the images obtained
56 are similar to (a-b).
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Figure 9: Representatives HAADF-STEM images of the material obtained after chemical Li reinsertion in a

material previously chemically deintercalated, in the bulk (a) and at the surface (b) of a particle. In inset of (b) is

given for comparison an image simulated considering the formation of pure spinel-type domain.
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26 Figure 10: Zones of the crystal analyzed by nano-diffraction and the corresponding nano-diffraction patterns
27 obtained for the material prepared chemically from Lis 20Mno54C00.13Nio.1302. The additional spots present between
the diffusion lines reveal the formation of defects near the surface.
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