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On the Elusive Crystallography of Lithium-Rich Layered

Oxides: Novel Structural Models

Arcangelo Celeste,* Mariarosaria Tuccillo, Ashok S. Menon, William Brant,
Daniel Brandell, Vittorio Pellegrini, Rosaria Brescia, Laura Silvestri, and Sergio Brutti

Lithium-rich layered oxides (LRLOs) are one of the most attractive families
among future positive electrode materials for the so-called fourth generation
of lithium-ion batteries (LIBs). Their electrochemical performance is enabled
by the unique ambiguous crystal structure that is still not well understood
despite decades of research. In the literature, a clear structural model able to
describe their crystallographic features is missing thereby hindering a clear
rationalization of the interplay between synthesis, structure, and functional
properties. Here, the structure of a specific LRLO,

Li; ,sMng 5,Nig 13C04 2Alg 03 O,, using synchrotron X-ray diffraction (XRD),
neutron diffraction (ND), and High-Resolution Transmission Electron
Microscopy (HR-TEM), is analyzed. A systematic approach is applied to model
diffraction patterns of Li; ,3sMng 5,Ni 15C0, o,Alj 03O, by using the Rietveld
refinement method considering the R3m and C2/m unit cells as the prototype
structures. Here, the relative ability of a variety of structural models is
compared to match the experimental diffraction pattern evaluating the impact
of defects and supercells derived from the R3m structure. To summarize, two
possible models able to reconcile the description of experimental data are

1. Introduction

Lithium-rich layered oxides are a valid
alternative to replace current cathode
materials for Lithium-ion batteries,
thanks to their advantageous transition
metal blend composition (Manganese
>> Nickel or Cobalt into the oxide sto-
ichiometry), low manufacturing costs,
and leading to excellent performance
(i-e., discharge specific capacity in the
range 200250 mAh g71).l! The crystal
structure of LRLO is an open playground
of debate,[?3] based mainly on two hy-
potheses: a) a two-phase nano-domain(*°!
and b) a single-phase solid solution!®”]
structures. The “nano-domain” hypoth-
esis suggests the coexistence of two
phases in the LRLO primary particles,
namely, a trigonal LiTMO, phase (space
group R3m, TM = transition metals),

proposed here for the structure of Li; ,Mng 5, Nij 13C0g 0,Alg 030, hamely a
monoclinic C2/m defective lattice (prototype Li,MnO;) and a monoclinic
defective supercell derived from the rhombohedral R3m unit cell (prototype

LiCo0O,).

and a monoclinic Li,MnO, phase (space
group C2/m): both structures are shown
in Figure 1a,b.

The LiTMO, phase belongs to a trig-
onal lattice with R3m (166) space group
symmetry, in which the structure can be
visualized as alternating planes of LiO
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Figure 1. Representation of a) R3m and b) C2/m unit cell. c) Hexagonal cation ordering in the TM layer of Li,MnO;.

and TMO, edge-sharing octahedra.l”#] A variety of stoichiomet-
ric layered oxide materials, such as LiCoO, and lithium nickel
manganese cobalt oxides (NMC), crystallize in this prototypal
structure.’] In the latter, the structure is derived from the LiCoO,
prototype by partially substituting Co with a blend of Mn and
Ni, resulting in a TM layer with randomly distributed transition
metals.[10-12]

On the other hand, the Li,MnO, structure belongs to the mon-
oclinic crystal class with C2/m (12) space group symmetry.[13-16]
It is to be noted that the C2/m unit cell of the Li,MnO; prototype
is remarkably similar to that of thombohedral LiCoO, with the
R3m space group: in both cases, the structure is constituted by
the stacking of edge-sharing octahedral units. In the case of the
rhombohedral structure the stacking along the ¢ axis is given by
alternating Li-O-TM-O closed-packed planar layers with an AB-
CABC... oxygen layer stacking sequence.

It is to be noted that the Li,MnO, stoichiometry can be re-
formulated as Li[Li; ;Mn,;]O, that better represents the layered
crystal structure. In this case, the stacking along the ¢ direction
is given by Li-O-(Li, TM)-O closed-packed planar layers with an
ABC sequence in the stacking of the oxygen layers. The (Li, TM)
layer shows LiMn, honeycomb motifs, in which each Li is sur-
rounded by six Mn (see Figure 3c).['78] This honeycomb order-
ing results in a twofold axis that breaks the symmetries of the
R3m space group.l'”! As mentioned before, the structure of LR-
LOs is not fully understood and there is no consensus between
the coexistence of two phases or the presence of a single phase.

In particular, according to the nano-domains two-phase model,
the general formula of a generic Ni/Co/Mn LRLO material is
given by xLi,MnO;-(1—x)LiNi,Co,Mn_ O, (where, 0 < x <1 and
a + b + ¢ = 1)l to highlight the coexistence of crystallites with
different crystal identity in the same primary particle.

Conversely, according to the solid-solution model the LRLO
crystal structure can be represented by a single-phase solid so-
lution with the formula Li;, [NiCoMn],_ O, (where, 1 < x <
1/3). Under this hypothesis, the unit cell belongs to the C2/m
space group symmetry but the 3D periodicity of the crystallite
is disrupted both in the c-axis stacking and across the ab layers.
The resulting large concentrations of stacking faults and Li/TM
intra-layer anti-site defects that break the LiTM, motifs reduce
the C2/m unit cell symmetry to an apparent R3m lattice in the
long range. These large defects result in an ambiguous lattice
symmetry and currently, a unique structure for LRLO solid so-
lutions is missing(2°-22l: this lack is hindering the facile applica-
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bility of this model to the huge variety of LRLO published in the
literature.

In the literature, it is possible to find many references to sup-
port either structure model. For example, Lu et al. reported a
solid solution structure for Li;, Ni; 5_,,;3Mn,5_, 30, due to the
changes in the lattice parameters with the Li content, based on
X-ray Diffraction.[?*! However, nanodomains of both phases were
observed by Kim et al. in an xLi,M’O ;-(1—x LiMn, ;Ni, O, (M’
=Ti, Mn, Zr; O < x < 0.3) series, using nuclear magnetic res-
onance spectroscopy.l?*! High-resolution TEM images, reported
by Shojan et al.,[?°! clearly showed well-defined lattice fringes of
two different phases and, recently, the nanodomains hypothe-
sis was confirmed by TEM analysis by Wu et al. on a Co-free
LRLO.[?l On the other hand, many authors proved the forma-
tion of a solid solution of the C2/m and R3m lattice symmetries
in a variety of LRLOs using high-resolution transmission elec-
tron microscopy (HR-TEM) and selected-area electron diffrac-
tion SAED.”"?’] Furthermore, a variety of manufacturing param-
eters, such as synthesis methods, annealing temperature, stoi-
chiometry, and lithium stoichiometry, have a remarkable impact
on the final crystal identity of any LRLO material®®-! reveal-
ing that its structural complexity is strongly related to the defect
chemistry.[19:3032]

In this work, our goal is to identify a reliable model to
represent the structure of a Co-poor LRLO with stoichiometry
Li; ,6Mny 5, Nij 13C0y 4, Al 030, in the frame of the solid solution
hypothesis. To this aim, we employ synchrotron X-ray diffraction,
neutron diffraction, and HR-TEM to analyze the bulk structure of
Li; ,6Mny 5, Nij 1;Co, 4, ALy 030, and compare the ability of a vari-
ety of different structural models to simulate and model the ex-
perimental diffraction patterns.

Li; ,6Mn, 5, Ni; 1;Co, 0, Aly 030, is a Co-poor cathode material
with a very promising electrochemical performance already
demonstrated by us in previous publications.[****] Due to this
outstanding electrochemical behavior and performance in both
lithium half-cells and full-cells, we decided to investigate further
its crystal structure, using different structural models. Like in
many other cases already reported in the literaturel>-’] and
despite the excellent electrochemical performance, the structure
of this phase is only qualitatively understood due to the lack of a
reliable structural model. As a consequence, this missing piece
of information hinders a rational decoupling and quantification
of the impact of the many various effects (e.g., composition,
synthesis procedure) that may drive the ability of any LRLO to
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Figure 2. Synchrotron XRD pattern of Li; ;3Mng 54 Nig 13C0g.92Alg 030;. PDF cards 01-013-4592 (LiMng 33 Nig 33C00330,) and 01-085-6632 (Li,MnO3)

are used as references.

successfully de-intercalate/intercalate lithium ions reversibly in
aprotic batteries.

To shed light on this elusive crystal structure, here, we com-
pare the ability of crystallographic models based on the R3m and
C2/m unit cells to match the experimental diffraction patterns of
Li; ,6Mn, 5, Nij 1;C0, 6, ALy 030, In particular, we compare the ex-
plicitrepresentation of defects (e.g., anti-sites, vacancies, stacking
faults, metals mixing) and the use of supercells derived from the
R3m structure. Our aim is to identify a realistic model able to: a)
match all the relevant diffraction features, b) mimic the selective
anisotropic broadening of some diffraction reflections observed
in all LRLO, and c) allow the easy evaluation of quantitative de-
scriptors of the crystal structure by the Rietveld refinement of
standard X-ray diffraction data. In this work, structural models
with increasing structural complexity have been used but are ca-
pable of properly matching our datasets going beyond the simple
R3m and C2/m unit cells that are unable to fit part of the X-ray
diffraction pattern or index FFT pattern from HR TEM micro-
graphs.

2. Results and Discussion

2.1. R-3m and C2/m Unit Cells Models

The synchrotron X-ray diffraction (XRD) pattern of
Li; ,¢Mny 5, Nij13Coy o, Al 30, is shown in Figure 2 and com-
pared to the reference patterns: PDF 01-085-6632 (Li,MnO,)
and PDF 04-013-4592 (LiNi;;;Co;3Mn,;0,). These refer-
ence patterns are the most used ones in literature to identify
the LRLO structure. As already mentioned, Li,MnO, and
LiNi; ;;Coy3Mn, 30, has C2/m and R3m space group symme-
tries, respectively. Apparently, the XRD pattern exhibits features
of both phases, particularly in the 15-20° angular range where
reflections are unavoidably due to the C2/m structure are ob-
served, while the other reflections could be indexed with R3m
structure.3®! This ambiguity results in the inability of both the
C2/m and R3m structure models to allow a complete structural
reconstruction by the Rietveld Refinement.3-1]
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The XRD pattern of our sample has been analyzed by the Ri-
etveld Method assuming both R3m and C2/m structures and
the results are shown in Figure 3. Both refinements have been
carried out by optimizing lattice parameters, atomic positions,
and morphological features (size, microstrain). Since from pre-
viously reported measurements(**3*! this material did not show
any anisotropy, we used the usual size/strain isotropic model to
fit the broadening of the diffraction peaks as a function of the
scattering vector. The obtained residual function (R) values were
5% and 5.7% for R3m and C2/m structures, respectively, and
these values are used here as benchmarks. Overall, the fitting
obtained using the R3m cell exhibits a slightly better R-value, al-
though it clearly fails to fit all peaks between 15° and 26° (see
Figure 3c) due to the lack of symmetry-allowed reflections in
this region. Additionally, the C2/m structure fails to fit the 15°—
26° reflections due to the unrealistic intensities and asymmetric
shapes of these symmetry-allowed reflections (Figure 3d). The re-
fined structural parameters are summarized in Table 1. In order
to evaluate the possible validity of the two-phase mosaic struc-
tural model, we also performed a Rietveld refinement with the
two phases (C2/m and R3m) as shown in Figure S1 (Support-
ing Information). The value of the R-factor obtained at the end
of the Rietveld Refinement is 5.1%, in line with the previous
ones. Nevertheless, if you consider the ratio “number of obser-
vations/number of parameters to be refined” (Z), the results are
106, 87, and 46 for the rhombohedral, the monoclinic, and the
two-phase model, respectively. Lower Values mean more param-
eters to be refined. So despite the double number of refined pa-
rameters in the two-phase model compared to the single one,
the R-factor is almost the same suggesting the inadequacy of this
model.

Overall, despite the acceptable R-values of Rietveld refine-
ments, an accurate evaluation of the diffraction pattern refine-
ments confirms that all the conventional perfect structures are
also inadequate to fully describe the structural features of this
LRLO material.

A Dbetter understating of the crystal structure within selected
fragments can be achieved using HR-TEM. An example of an
HR-TEM micrograph, and the corresponding FFT, of the LRLO

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. Comparison of Rietveld refinement results using a,c) R3m and b,d) C2/m phase.

Table 1. Rietveld refinement results obtained assuming the perfect C2/m
and R3m structures.

Space group C2/m (R=15.7%; Z = 87) R-3m (R =5%; Z = 106)

a=4.948 b =8.563 c=5.031
a=y=90°§=109.29°

a=b=2.855c=14.247
a=p=90°y=120°

Lattice parameters

Atomic position and occupancies (Wyckoff position; OF = occupancy fraction)

Lithium-ion layer (2¢) (00%2) (3b) (00%%)

OF(Li) =1 OF=1
(4h) (00.696 2)
OF(Li) =1

Metal ions blend (2b) (0% 0) (3a) (000)
layer OF(Li) =0.84 OF(TM) = 0.16  OF(Li) = 0.28 OF(TM) =
(4g) (00.167 0) 0.72
OF(TM) =1
(4i) (0.273 00.228) (6¢) (000.747)
OF(0) =1 OF =1
(8)) (0.2390.3410.241)
OF(0) =1

Oxygen ions layers
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phase is shown in Figure 4 where it is not possible to see any
clear phase separation.

Indexing of the FFT pattern has been done using the CaRIne
Crystallography Software that suggests the identification of possi-
ble zone-axes orientations able to match the experimental pattern
and estimate the associated errors due to angle and distance mis-
match. Apparently, all calculated single-crystal ED patterns de-
rived using the R3m unit cells are unable to match any of the FFT
patterns collected on the LRLO phase (CaRIne software did not
find any compatible zone axis). On the contrary, the C2/m struc-
ture is compatible with all FFT patterns, and in particular, the pat-
tern in Figure 4b can be indexed with the [001] zone axis. The rep-
resentation of the diffraction reflections of the C2/m structure in
the reciprocal [001] axis zone is shown in Figure S2a (Supporting
Information). Remarkably, a good matching in the FFT pattern
indexing using the R3m unit cell can be achieved assuming a 3x
periodicity along the a, blattice parameter directions (R3ms,5,))-
The representation of the diffraction spots in the reciprocal [001]
axis zone of the R?m(mm) cell with (34, 3D, ¢) periodicity is shown
in Figure S2b (Supporting Information).

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. a) HR-TEM image and b) corresponding FFT (indexed using C2/m unit cell).

Overall, the HR-TEM study also highlights an intricate situa-
tion about the structure of LRLO: in the short range, a fingerprint
of the C2/m symmetry is observed, while the R3m is fully incom-
patible unless a rhombohedral supercell is assumed.

In summary, the comparison of crystallographic analyses car-
ried out on HRTEM and synchrotron XRD data assuming the
perfect C2/m and R3m lattices highlight very well the complexity
of LRLO structure and, the need for an advanced structural model
to reconcile XRD and ED results. Based on this experimental ev-
idence, in the next sections, we will compare two different strate-
gies to outline a realistic and reliable advanced model to mimic
the structure of LRLO:

o The explicit incorporation of defects in the R3m and C2/m
crystal structures

® The occurrence of supercells, i.e., unit cells with one or more
lattice directions larger than the primitive cell.

2.2. Defects in R3m and C2/m Structure Models
In order to improve the structure description in

Li; ,sMn, 5, Nij13Coq oAl 30,, anti-site defects between Li
and transition metals and oxygen vacancies can be considered

R-3m
Li-TM mixing in
TM layers
| co/m |— 4g2b |——| 4g-2c I

Anti-site Defects

in the crystallographic description of both the R3m and C2/m
models, using the same synchrotron XRD pattern reported in
Figure 2. Anti-site defects are the most ordinary disorder in
layered materials and affect the relative peak intensity in the
diffraction data. As already reported,*>*3] oxygen vacancies in the
anion substructurel**! also have the same effect. In Figure 5,
we show how these two 0D defects can be explicitly modeled in
the R3m and C2/m structures by selective modification of the
occupancies of specific Wyckoff positions.

Anti-site defects in the R3m structure can occur only between
the 3a site and 3b sites (see Figure 5): this kind of defect switches
the position of Li and TM ions in two different layers within the
unit cell. Actually, we used Ni as a transition metal for the mix-
ing, indeed as reported in the literature, the ionic radii of Li and
Ni are very similar.l*’] The refinement of the 3a/3b occupancies
converges to an anti-site concentration of 1.5%, leading to a slight
improvement in the R-factor (R = 4.98%). Oxygen vacancies in
the R3m structure can be modeled by refining the occupancy of
the 6c¢ sites, which has also been reported to occur easily.**! By
simultaneously refining anti-site defects and oxygen vacancies, a
final R-factor of 4.9% is obtained for the R3m structure with a fi-
nal chemical formula of [Lij gg; TM 19]**[Lig 190 TMo 701]**[01.04]*
(see Table S1, Supporting Information; in the appendix, the cor-
responding Wyckoff position is reported for each blend/atom).

3a-3b

Oxygen Vacancies

— & ]

4i=8]

Figure 5. Diagram of different defectivity possibly occurring in the R3m and C2/m models. In the picture, the Wyckoff positions involved are shown.

More details are reported in the main text.
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These minor reductions in the R-factor are due to a better fit-
ting of the symmetry-allowed diffraction peaks (as in (003) and
(104) peaks) whereas the angular region between 15° and 26° is
unmodified and, thus, still poorly described (see Figure S3, Sup-
porting Information).

Turning to the monoclinic C2/m model, the description of
defects in the occupancies of the metal sites is more complex
compared to the R3m model, as shown in Figure 5. First, the
switch between metals within the TM layers must be considered
in the C2/m structure, which cannot be considered in the R3m
structure (we have only one Wyckoff site in TM layers). In line
with the nomenclature used for the R3m case, the intra-layer
Li/TM switch is indicated as Li-TM mixing whereas the inter-
layer Li/TM switch is an anti-site defect. The order in which the
parameters were refined is reported in Figure 5, so first Li/TM
mixing, then anti-site, and finally oxygen vacancies. Once the pa-
rameter is refined, it remains fixed and therefore the following
parameters can be refined.

The Li-TM site mixing in the TM layers of the C/2m model
occurs between the 4g and 2b Wyckoff positions and has been re-
fined to a final value of 1.5% mixing. The incorporation of this
defect in the C2/m model results in a remarkable improvement
in the fitting of (020), (110), (11-1), (021), and (111) reflections
(the 15°-26° region of the XRD pattern see Figure S4a,b, Sup-
porting Information) and a drop in the R-factor value from 5.7%
to 4%. The final refined crystallographic parameters are reported
in Table S2 (Supporting Information).

In the C2/m structure, anti-site defects between different TM
and Li layers can be modeled involving different pairs of atomic
sites (see Figure 5). We refined the XRD pattern considering three
different anti-site switches: i) 4g—4h; ii) 4go2c¢; iii) 4g—4h+2c.
The results of the Rietveld refinements are reported in Figure S4
and Table S3 (Supporting Information). The final R-factors con-
sidering both the Li/TM mixing and each of the three different
possible configurations of anti-site defect are 3.99%, 3.97%, and
3.98% for cases (i), (ii), and (iii), respectively. All refinements sug-
gest only minor anti-site defectivity between planes (~1%) with
marginal improvement in the fits. Overall, considering that the
4g—2c switch was the anti-site defect resulting in the smaller R-
factor, it has been included in the following refinement steps.

As a final step, we modeled the occurrence of oxygen vacancies
in the C2/m structural model and its impact on the XRD data fit-
ting. Similarly to the anti-site defects, oxygen vacancies can occur
from two different Wyckoff sites, namely 4i and 8j. Four different
oxygen vacancy descriptions have been considered by optimizing
the atomic occupancies of the different oxygen crystal sites: i) 4i
vacancies; ii) 8j vacancies; iii) simultaneous 4i and 8j vacancies
with identical concentration; iv) simultaneous 4i and 8j vacan-
cies without constraints. All Rietveld refinements suggest an oxy-
gen occupancy slightly below unity, independent of the vacancy
model: the final R-factors marginally decrease to 3.94%, 3.97%,
3.95%, and 3.93% for the (i), (ii), (iii), and (iv) cases, respectively.
All Rietveld refinements results are reported in Figure S5 (Sup-
porting Information) as well as the refined parameters (Table S4,
Supporting Information).

Overall, the explicit inclusion of 0D defects in both struc-
tural models improves the corresponding Rietveld refinement
fits. Remarkably, the inclusion of in-plane Li/TM mixing in the
C2/m model led to significant improvements in the diffraction
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data fitting and, generally, all monoclinic models outperform the
rhombohedral ones, in line with the experimental evidence by
HRTEM.

2.3. Stacking Faults in Monoclinic Unit Cell

According to the previous experimental studies mainly based
on selective area diffraction in HRTEM micrographs, many LR-
LOs show large concentrations of stacking faults along the c-
axis.[1%#-501 Qualitative evidence of the impact of the stacking
disorder in the simulated XRD pattern of the perfect C2/m struc-
tural model is shown in Figure S6 (Supporting Information)
for Li; ,sMny 5, Nij 1;Coy 1, Al 030, with different degrees of faults
(from 0 to 100%, for more details see the experimental details sec-
tion) by using DIFFaX. Stacking faults affect both diffraction peak
intensities and shape, especially in the 15°-26° angular range. In
particular, the intensities of the (110), (111), (021), and (111) re-
flections (see Figure S6b, Supporting Information), decrease and
broaden remarkably for stacking fault concentrations > 20% and
disappear above 40%. Also, the intensity of the (020) reflection
at 16.1° decreases while increasing the stacking-fault concentra-
tion up to 100% results in a strong asymmetric broadening. On
the contrary, the increase in stacking fault concentrations has a
negligible impact on the intensity and shape of all the other Bragg
peaks. These alterations in the XRD patterns are in line with the
experimental data shown in Figure 2 for our LRLO material that
shows evidence of a strongly asymmetric peak most indexed by
the C2/m (200) reflection.

The structural analysis of the XRD data including stacking
faults in the C2/m structure has been carried out using the
FAULTS code. Unfortunately, due to software constraints, it is not
possible to include in the refinements identical background and
peak-shape/broadening functions in GSAS-II to FAULTS and
thus, the absolute values of the R-factors are not directly com-
parable. Therefore, in this section starting again from the per-
fect C2/m structure, we demonstrate the beneficial impact of the
simultaneous incorporation of stacking faults and other 0D de-
fects, and the interplay between these on the diffraction data fit.
This hypothesis will be validated by comparing the trend of the
R-factors obtained from the FAULTS refinements.

The structural refinement of the un-faulted C2/m structure is
shown in Figure S7 (Supporting Information) as well as the op-
timized lattice parameters and atomic positions (Table S5, Sup-
porting Information). As expected, an unsatisfactory R-value of
8.4% is obtained using the FAULTS code in line with the refine-
ment by GSAS-II. A remarkable improvement in the R-factor and
the XRD pattern fitting is obtained by optimizing the stacking
fault concentration (see Figure S8 and Table S6, Supporting In-
formation). The refinement suggests a faulting concentration of
~48% and an R-factor value of 6.7%. From Figure S8a,b (Support-
ing Information), it is evident how this approach successfully fits
the superstructure region similarly to the Li/TM mixing mecha-
nism shown in Section 2.2.

To evaluate the interplay between the stacking fault and the
other 0D defects (either Li/TM mixing or anti-sites) we further fit
the XRD pattern explicitly considering all defects using FAULTS.
The final refinement plot is shown in Figure 6 and the optimized
parameters are summarized in Table 2. All defects were refined
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Figure 6. a) FAULTS refinement pattern with all 0D defects and stacking faults. b) Magnified view of the refined data in the 15—35° 26 range.

Table 2. Values from the FAULTS refinement with stacking faults, Li-TM
site mixing, and anti-site defects. The new occupancies are reported in red
(Z=73).

Unit cell parameters

a, b[A] c[A] r [

4.939 4.743 60.06

Layer compositions

Layer Atom x/a y/b z/c Occupancy
L1 Li 0 0 0 1
Li 1/3 1/3 0 0.916
Li 2/3 2/3 0 0.916
™ 1/3 1/3 0 0.084
™ 2/3 2/3 0 0.084
L2=13=14 Li 0 0 0 0.622
™ 0 0 0 0.378
™ 0.334 0.334 0 0.849
Li 0.334 0.334 0 0.151
™ 0.665 0.665 0 0.849
Li 0.665 0.665 0 0.151
¢} 0.358 —-0.0158 0.251 1
0] 0.639 0.0117 —0.248 1
o —-0.0156 0.358 —0.247 1
(@) 0.329 0.669 —-0.241 1
@) 0.668 0.328 0.243 1
0] 0.011 0.638 0.250 1

step by step, as before, using constraints for the occupancies.
The simultaneous modeling of the 0D defects and the stack-
ing faults leads to a remarkable R-factor decrease of 5.6%. This
improvement in the refinement convergence is driven by the si-
multaneous decrease in the stacking fault concentration from 48
to 40% and an increase of both the Li/TM mixing (in-plane) and
1i/TM anti-site defects (between planes). This trend suggests a
possible overestimation of the stacking disorder if 0D defects are
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not considered and, vice-versa, an overestimation of the 0D de-
fects if stacking faults are omitted.

Overall, the explicit simultaneous inclusion of stacking faults
and 0D defects in the C2/m structural model is mandatory for op-
timal structural analysis, despite the imperfect match, in terms
of improvement of the R-Factor and visual fit of the pattern. As
a consequence, the optimal structure model to represent LRLO
accounting for all XRD data features is one that simultaneously
incorporates in the monoclinic structure prototype the 0D de-
fects (Li/TM mixing, Li/TM anti-site and oxygen vacancies) as
well as the stacking fault disorder. It is important to underline the
remarkable complexity in the parametrization of stacking faults
compared to the use of common Rietveld refinement programs
which makes this structural model very challenging.

2.4. Supercell Models

In the previous section, we demonstrated the experimental rec-
onciliation of HRTEM and XRD data by adopting a defective
structural model based on a monoclinic structure that incorpo-
rates stacking faults and 0D defects (cation anti-site disorder,
cation mixing, and oxygen vacancies). Based on the preliminary
HRTEM analysis we can also consider a different approach based
on the use of supercells derived from the rhombohedral unit cell
with 3x periodicity along the a and b lattice parameters. However,
as R3m is a non-primitive space group, some preliminary consid-
erations are necessary.

The C2/m space group is a translationengleiche subgroup of
the R3m one, and therefore a primitive unit cell with mono-
clinic symmetry can be obtained by simple cartesian transforma-
tions. Starting from this monoclinic primitive cell, it is possible
to create 5 supercells as reported in Table 4 (Experimental Sec-
tion) that all keep the same symmetry (klassengleiche subgroups).
In this way, the loss of symmetry constraints allows structural
models can be used in the Rietveld refinement analysis of XRD
data. These supercell prototypes can distort a perfect “R3m-like”
phase to a more disordered structure. In fact, the use of super-
cells with larger lattice parameters and multiple atomic sites with
similar (but not identical) local coordination allows the simula-
tion of multiple configurations in the atomic distribution in the
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Table 3. Refined Lattice parameters and R values obtained with supercells.

Name Lattice parameter R [%] Z
a b c p

RC_3a 28.933 2.856 5.023 151.01 4.76 81

RC_3b 9.636 8.563 5.032 151.01 4.1 84

RC_3c 9.644 2.856 15.07 151.01 4.47 73

RC_3a_3b 28.933 8.565 5.023 151.01 4.49 50

RC_3a_b_ac 28.933 2.856 5.787 24.876 5.47 74

transition-metal layer, thus indirectly mimicking the partial or-
dering along the TM lattice plane.

All the supercell models, as summarized in Table 4, have been
tested in the refinement of the synchrotron diffraction pattern
of Li; ,sMn 5,Nij13Coq ¢, Al 30, and the results are shown in
Figure S9 (Supporting Information). Atomic positions and the
other refined parameters are reported in Table S7 (Supporting
Information). It is to be noted that, due to the inevitable sym-
metry reduction induced by the lattice transformations necessary
to build the supercells, some diffraction peaks that are system-
atically extinct in the original R3m phase is represented in the
diffraction pattern of the 3x supercell models. In fact, as shown
in Figure S8 (Supporting Information), supercells show non-null
X-ray reflections in the experimental region between 15° and 26°.
This allows improvement in the refinement convergence com-
pared to the R3m prototype; the Rietveld refinement parameters
and convergence ratio are summarized in Table 3.

It was expected that a statistical improvement due to the in-
crease in the number of fitted parameters but, actually, R-Factors
in Table 3 show how the best values are obtained for the unit
cells with reflection in the superstructure region (i.e., RC_3b and
RC_3a_3b). Moreover, the comparison of the ratio “number of
observations/number of parameters to be refined” between the
R3m and supercells do not show a huge difference, indeed the
ratio are 106, 84, and 50 for R3m, RC_3b, and RC_3a_3b, respec-
tively. The improvements in the R-factor are not related only to
the increase in the number of refined parameters.

Among the supercells, the RC_3b structural model exhibits the
best/lowest R-factor value, i.e., 4.11%, a value comparable with
that obtained by adopting the C2/m model with the Li-TM site
mixing in the TM layers. In this case, the lattice parameter b is
three times larger compared to the monoclinic unit cell and this
allows to better mimic the distortions in the LiTM, periodicity
along this lattice direction across the TM layers.

To further validate the RC_3b supercell model, the impact of
several types of defects on the Rietveld refinement convergence
quality was checked: overall we adapted the rationale exploited
from the C2/m space group (see Figure 5 for further details). We
checked for:

® Anti-site site defects: 4 cases allowed between sites 2d-2a, 4g-
4h, 2d-4g, or 4h-2a. (see Figure S10 and Table S8, Supporting
Information, to better visualize the Wyckoft position)

e Li-TM mixing in the transition metals layers: 1 case (4g — 2a).
(see Figure S11 and Table S9, Supporting Information)
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Figure 7. Rietveld refinements results using RC_3b with Li-TM mixing,
anti-site defects, and oxygen vacancies in 4i site.

® Oxygen vacancies: 4 cases: i) oxygen vacancies in 4i site; ii) oxy-
gen vacancies in §j site; iii) oxygen vacancies in 4i and §j sites
with atomic fraction constrained to be equal; iv) oxygen vacan-
cies in 4i and 8j with atomic fractions unconstrained. (Figure
S12 and Table S10, Supporting Information).

All the defective supercell models have been used in the Ri-
etveld Refinement of the XRD pattern of the LRLO material. The
impact on the R-factors is shown in Figure 7.

All defective supercells lead to better convergences compared
to the RC_3bmodel. Looking at the anti-site defects, 4h-2a and 24d-
2a switches lead to the largest improvements, namely 3.91% and
3.9%, respectively, compared to the R-factor value of the RC_3b
model. Further improvements have been obtained by consider-
ing the Li-TM mixing. In fact, the 4h-2a metal switch leads to a
decrease in the R-factor to 3.89%. As a final point, we also checked
the impact of the possible formation of oxygen vacancies. Appar-
ently, oxygen occupancy factors fall below unity in both sites (4i
and 8j) leading to an optimal improvement in the Rietveld refine-
ment convergence, giving the best R-factor value, as low as 3.8%.
Itis worth noting that additional parameters to refine did not lead
to a better R-Factor in all cases.

Overall, the analysis of five supercell models able to mimic
both the XRD and HR-TEM data suggests that the optimal proto-
type able to simulate the LRLO structure reliably is the so-called
RC_3b model. Furthermore, the best Rietveld refinement of the
synchrotron XRD pattern is obtained with the simultaneous in-
clusion in the RC_3b model of (4h-2a) anti-site defects, (4g-2a) Li-
TM atomic mixing in the TM layer and (4i + 8j) oxygen vacancies,
in line with the case of the monoclinic C2/m phase (Section 2.2).
Remarkably, the Rietveld refinement convergence achieved by
the RC_3b model (i.e., 3.8%) is slightly better than that obtained
with the C2/m defective lattice (i.e., R = 3.93%) without stacking
faults.

2.5. Neutron Diffraction and Electron Diffraction

In the previous sections, two alternate models to mimic the LRLO
structure have been discussed and successfully applied to the

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH

85U801 SUOWWIOD AITea1D) 8|qedl(dde 8y} Ag peusenob aJe s9oile O ‘8sN JO S8|nJ o} Akeid18UljUO AS|IA UO (SUOTIPUOD-PUB-SWLB) W00 A8 1M Ale.q1|BulUo//:SAny) SUORIPUOD pue swie | 8y} 8es *[5202/50/50] Uo Ariqi auliuo Ae|im ‘elfeleueiyood Ag 99 TOEZ0Z PILS/ZO0T OT/I0P/W0 A8 im Areiq1jul|uoy/sdny woly pepeojumod ‘6 ‘720z ‘80969952



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

a)

o Experimental Pattern ‘
Calculated Pattern
—— Differences

0.5 10 15 20 25
d spacing (A)

www.small-methods.com

b)

o Experimental Pattern
Calculated Pattern
—— Differences

T T T T

0.5 10 15 2.0 25
d spacing (A)

Figure 8. Rietveld refinement analysis of ND data of Li; ,5Mng 54 Nig 13C0002Alg 030, acquired using detector bank 5 with a) My and b) SCyef unit cell.

Rietveld refinement analysis of synchrotron XRD data. To fur-
ther validate both these structural models, we applied both pro-
totypes, i.e., RC_3b and the defective C2/m lattice without stack-
ing faults to fit the neutron (ND) and the FFTs of HRTEM images
of Li; ,4Mny 5, Ni 13Coy o,Aly 030, obtained experimentally. ND al-
lows a higher sensitivity to Li and O compared to XRD and, more-
over, it is able to distinguish between different transition metals
(Mn, Co, Ni) which is impossible with x-ray diffraction.

Specifically, for the refinement of ND and FFT patterns, we
adopted the following models:

® Monoclinic unit cell with anti-site defects between 4g-2c, Li-
TM mixing between 4g-2b crystallographic sites, and oxygen
vacancies in 4i (My).

® RC_3b supercell anti-site defects between 4h-2a, Li-TM mixing
between 4g-2a sites, and oxygen vacancies in 4i (SCy).

The ND pattern is shown in Figure S13 (Supporting Informa-
tion), the asterisks indicate the Bragg positions due to the vana-
dium can.’! The calculated patterns of experimental ND data
obtained with the two models are shown in Figure 8.

The R-factor values are 3.9% and 3.17%, respectively for the
M,.rand SCy. models: the refined lattice parameters are reported
in Table S11 (Supporting Information) and, as expected, are in
excellent agreement with those refined from the XRD patterns
for both lattices. Overall, both structural models can fit the ND
pattern, nonetheless, the RC_3b prototype slightly outperforms
the M, defective cell.

Turning to the analysis of FFTs from HR-TEM micrographs,
we checked the compatibility of both the M. and SCyr mod-
els: both models show simulated patterns compatible with the
experimental FFT patterns. The calculated ED pattern in the [001]
zone axis orientation is shown in Figure S14 (Supporting Infor-
mation): it apparently converges with a mean error of 11% for
both structural models. We also want to point out that the SC.¢
unit cell is different compared to an R-3m unit cell with 3x period-
icity along @ and b used as shown in Section 2.1. On the contrary,
this model has considered the periodicity only along the b-axis
since it is able to fit properly the FFT from HR-TEM and ND.

Small Methods 2024, 8, 2301466
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In summary, the ND and HR-TEM data confirm the reliabil-
ity of both the structural prototypes selected on the basis of the
synchrotron XRD data.

3. Conclusion

The elusive crystal structure of LRLOs has been analyzed for
the Li; ,sMn, s,Nij1;Cog 0,Aly 030, stoichiometry based on syn-
chrotron X-ray, neutron, and high-resolution TEM datasets. Ri-
etveld refinements have been used to evaluate the relative ability
of a variety of structural models to fit the synchrotron XRD pat-
terns. As a starting point, we confirmed the inability of the R3m
model to explain the HR-TEM and XRD experimental patterns.
Moreover, we also proved the inadequacy of nanodomains mod-
els, obtaining almost the same results as single-phase models but
using a two times larger set of refined parameters. Therefore, we
proposed and evaluated the performance, using Rietveld refine-
ment analysis of synchrotron XRD pattern, of a variety of struc-
tural prototypes by using GSAS-II in the frame of a single-phase
model. We utilized two parallel approaches: a) the simulation of
defective C2/m monoclinic cells and b) the use of supercells de-
rived by simple crystallographic manipulation of the R3m unit
cell. This analysis allowed us to identify two prototypes, namely
M, and SC,, both allowing a satisfactory Rietveld refinement
modeling of the XRD patterns. Furthermore, the structural in-
formation obtained from the two models is very close. As an ex-
ample, the mean bond lengths of TM—O pairs in the defective
C2/m and the RC_3b supercell are 2.011 and 2.028 A, respec-
tively, indicating a good agreement between the local structure
representation obtained from the two models. Both models have
been validated on ND and HR-TEM datasets to reconcile all the
experimental evidence. Apparently, the SC,.¢ prototype, a defec-
tive variant of the RC_3b supercell including anti-site defects, Li-
TM mixing, and oxygen vacancies, slightly outperforms the My ¢
model based on a defective C2/m unit cell including anti-site de-
fects, Li-TM mixing and oxygen vacancies. Itis important to recall
that further improvements in the XRD fit with the My, model
can be obtained by including stacking faults, as proven by the
FAUILTS analysis. However, stacking faults are very complex to
model and handle in standard Rietveld refinement procedures
being their automatic optimization unavailable in most codes
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Figure 9. The initial rhombohedral unit cell is reported on the left, with the
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monoclinic one (black line). Some supercells are reported as examples: the

red line represents RC_3a_3b, the green line is RC_3b, and the blue line represents RC_3a_b_ac.

like GSAS-II or MAUD. In summary, either the defective RC_3b
supercell (SC,.¢ prototype), or the defective C2/m unit cell (M,
prototype), can be adapted to fit the X-ray, neutron, and electron
diffraction patterns of the Li; ,4Mn, ,Ni;;5Co, 1, Al 030, LRLO.

Table 4. Summary of unit cells created with PowderCell Software.

As far as we know, this is the first-ever analysis of the elusive
structure of LRLO where HR-TEM and XRD experimental evi-
dence are clearly reconciled within the same structural model.
Future works should be devoted to understanding the general

Name Structural Lattice parameter Transformation
model
alA b/A c/A pl°
R Rhombohedral 2.8524 2.8524 14.24 90
RC Monoclinic 9.6352 2.8524 5.0243 151.02 a=2az+1by- icp
b =bg
c = §0R+§bR+%cR
RC_3a Monoclinic 28.9055 2.8524 5.0243 151.02 a = 3ag ¢
b =bg
€ =cgc
RC_3b Monoclinic 9.6352 8.5572 5.0243 151.02 a =agpc
b =3bg ¢
€ =cgc
RC_3c Monoclinic 9.6352 2.8524 15.073 151.02 a =ag ¢
b =bg ¢
¢ = 3¢cp ¢
RC_3a_b_ac Monoclinic 28.9055 2.8524 5.7775 24.916 a =3ap ¢
b =bg

C =0dgct+Cgc
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validity of structural models proposed in this work using LR-
LOs with different compositions prepared by different synthetic
methods. Furthermore, it is mandatory to investigate the correla-
tion between the stacking faults and 0D defects to disclose how
this correlation affects the other fitting parameters.

4. Experimental Section

A sol-gel route had been wused to synthesize
Li; ,sMn,,Nij 1;Co( Al 30,, as reported in previous
works.333* Stoichiometric amounts of Mn(CH;COO),-4H,0
(manganese (II) acetate tetrahydrate, Sigma-Aldrich),
Ni(CH,;COO),-4H,0O (Nickel (II) acetate tetrahydrate, Sigma-—
Aldrich), Co(CH;CO0),-4H,0O (cobalt (II) acetate tetrahydrate,
Sigma-Aldrich) (HO),Al(CH;COO) (Aluminum acetate diba-
sic, Sigma-Aldrich), and LiCH,COO-2H,0O (lithium acetate
dihydrate, Sigma—Aldrich) were dissolved in ultrapure water.
Five percent excess of lithium acetate was used to compensate
for the lithium loss during the calcination. An aqueous solu-
tion of C,H,0, (oxalic acid, Sigma-Aldrich) ~0.38 M, acting
as a chelating agent, was added to the metal-acetate solution
in order to have chelating agent/metals molar ratio of 1.5/1
and left under stirring at 80 °C using an oil bath. The pH
was kept at 8 by the addition of ammonia solution (NH,OH
32%, Sigma—Aldrich). The as-obtained gel was finally com-
pletely dried at 200 °C and calcined for 2 h at 450 °C and 12 h
at 900 °C.

X-ray diffraction patterns were acquired at the MCX
beamlinel®? in the ELETTRA synchrotron radiation source,
using a wavelength of 1.2 A (10 keV) in the 26 range = 5°-90°
with a step size of 0.01°. Neutron powder diffraction data were
collected on the Polaris time-of-flight powder diffractometer
at the ISIS neutron and muon sourcel>! with samples loaded
into cylindrical 6 mm vanadium cans. Refinements of syn-
chrotron X-ray and neutron diffraction patterns were performed
with GSAS-IIP* and FAULTS.®] CIF files of rhombohedral
and monoclinic unit cells were downloaded from the PDF-4*
database (PDF 01-085-6632 (Li,MnO;) and PDF 04-013-4592
(LiMO,)). The structural models used in the Rietveld refinement
had been built with two main approaches: i) supercells and ii)
stacking faulted cells.

Supercells were created with PowderCell Software,”®! follow-
ing the procedure described below. The symmetry of a clas-
sical thombohedral unit cell was downgraded to the primi-
tive monoclinic unit cell. Then, supercells were obtained as
larger primitive monoclinic unit cells along one or more lat-
tice directions, without symmetry loss. An overview of all unit
cells explored is reported in Figure 9 and Table 4 where the
last column shows the applied transformation to build the
supercells.

The stacking fault simulations of the Li, TMO, monoclinic pro-
totype and the refinement of X-ray data were performed with
DIFFaX®’] and FAULTSP’! software. XRD patterns were simu-
lated over 10°-80° (20) with a step size of 0.02° and a wavelength
of 1.2 A. For the use of DIFFaX and FAUITS, the conventional
monoclinic unit cell was transformed into the triclinic system
with P1 space group symmetry. The crystal structure can then
be seen in terms of atomic sheets (layers), interconnected via
stacking vectors of certain probabilities. Therefore, the degree of
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Table 5. Details of the structure model used for DIFFaX and FAULTS for
Li1 28Mng 54 Nig.13C0g,02Al0,03 02

Unit cell parameters

a,b[A] c[A] rll

4.9265 4.7416 60.036

Layers composition

Layer Atom x/a y/b z/c Occupancy
L1 Li 0 0 0 1
Li 13 13 0 1
Li 2/3 2/3 0 1
L2=13=14 Li 0 0 0 0.84
™ 0 0 0 0.16
™ 13 13 0 1
™ 2/3 2/3 0 1
(0] 0.34 0 0.225 1
(0] 0.65 0 -0.225 1
(0] 0 0.34 -0.225 1
(0] 0.34 0.35 -0.225 1
(0] 0.65 0.34 0.225 1
(0] 0 0.65 0.225 1
Stacking Vectors
Transition x/a y/b zfc
L1-L2 13 —1/3 112
L1-13 2/3 0 12
L1-L4 0 -2/3 12
L2-L1 13 -13 12
13-L1 13 -13 12
L4—L1 13 —1/3 112

(stacking) faulting can be described as the probability of occur-
rence of stacking/transition vectors. Abraham et al.’¥! found that
the stacking faults in LRLOs can be properly described with the
help of 3 stacking vectors: i) (1/3, —1/3, 1/2); ii) (2/3, 0, 1/2); iii)
(0,-2/3,1/2).

According to the description reported by Serrano et al,l*!!
two different layers were built: 1) Li layer (L1) and 2) Li-TM-O
layer (L2), as reported in Table 5. Stacking fault degrees, calcu-
lated using the equation reported by Serrano,*®! have been var-
ied, and an infinite number of layers, with a recursive stack-
ing sequence, have been used in the simulation and the re-
finement. Three different stacking vectors (see Tables 2 and 3)
have been used to generate stacking faults in order to have dif-
ferent stacking of the L2 layer with respect to the L1 layer. As
can be seen from Table 5, three compositionally identical Li-TM-
O layers (L2, L3, and L4) were considered to account for the
three different stacking vectors. Therefore, stacking faults are
generated by varying the probability of occurrence of each of
the stacking vectors and Table 6 reports the degree of stacking
faults and the corresponding probability of occurrence of each of
the layers.

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Table 6. Stacking vectors with their probabilities and the corresponding
stacking fault probabilities.

Translation or Stacking Vectors Stacking Fault

probability [%]

(1/3,=1/3,%)  (2/3,0,1/2)  (0,-2/3,1/2)
Translation 1 0 0 0
probabilities 0 9333 0.033 0.033 10
0.866 0.067 0.067 20
0.8 0.1 0.1 30
0.733 0.133 0.133 40
0.667 0.167 0.167 50
06 0.2 0.2 60
0.533 0.233 0.233 70
0.467 0.267 0.267 80
0.4 0.3 0.3 90
0.333 0.333 0.333 100

The quality of the agreement between observed and calculated
profiles is given by the R-factor, defined as follows:

Zi =1n |Yi_ Yicl
i 1 Yi

where y, is the experimental profile intensity and y,. is the num-
ber of calculated counts (intensity) at the i-th step. The adop-
tion of the R-factor defined above instead of the commonly used
WRp, Ry,, and Gof, as a parameter for the accuracy of the fit-
ting procedure, is an inevitable consequence of the use of two
different Rietveld refinement programs. Indeed, the R-factor de-
fined above is the only common convergence parameter deliv-
ered GSAS-II and FAULTS. Moreover, the ratio “number of ob-
servations/number of parameters to be refined”, reported as Z,
is shown in table refinements.l>!

HRTEM analyses were carried out on a JEOL JEM-2200FS
TEM (Schottky emitter), operated at 200 kV, and equipped with
a CEOS corrector for the objective lens. HRTEM analysis was
carried out by comparing fast Fourier transform (FFT) of single-
crystal regions in HRTEM images (small regions of thin frag-
ments) with computed single-crystal diffraction patterns for the
structures built in Carine Crystallography software.ll

R = 100 1)
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