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Order and disorder in NMC layered materials: a FAULTS simulation analysis
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The program FAULTS has been used to simulate the X-ray powder diffraction (XRD), neutron
powder diffraction (NPD), and electron diffraction (ED) patterns of several structural models for
LiNi;;3Mn;5Co0,,30,, including different types of ordering of the transition metal (TM) cations in
the TM slabs, different amounts of Li*/Ni'™* cation mixing and different amounts of stacking faults.
The results demonstrate the relevance of the structural information provided by NPD and ED data as
compared with XRD to characterize the microstructure of NMC (LiNi,; _,_,Mn,Co,0O,) compounds. ©
2017 International Centre for Diffraction Data. [doi:10.1017/S0885715617000033]
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I. INTRODUCTION

The first commercialization of Li-ion batteries by SONY
in 1991 was made possible thanks to the innovative selection
of a graphite negative electrode and a lithium cobalt oxide as
the positive electrode (Nagaura and Tozawa, 1990; Tarascon
and Armand, 2001; Rozier and Tarascon, 2015). This
LiCoO,/C technology is still used in a great part of current
Li-ion batteries, although other lithium metal oxides (deriva-
tives of LiCo00,), spinel-like compounds (LiMn,0,), or poly-
anionic compounds (LiFePQ,) are steadily gaining market
share. Indeed the energy load of LiCoO,/C cells cannot be
fully exploited but must be limited to half (~140 mAh g~
of LiCo0,) of their theoretical capacity (275 mAhg~" of
LiCo0,) to avoid positive electrode degradation and potential
associated hazards. The last two decades have witnessed a
huge amount of research on the partial substitution of Co™*
by AI"™, Ni"™, Mn'* to enhance the performance of the
cathode material in terms of capacity, rate capability and
structural stability, which led to the attractive compounds
LiNi,_, ,Co,ALL,O, and LiNi;_, Mn,Co,0, (NMC) (Lu
et al., 2001; Madhavi et al., 2001; Ohzuku and Makimura,
2001; Weaving et al., 2001; Guilmard et al., 2003; Hwang
et al., 2003; Yabuuchi and Ohzuku, 2003). Among all the
compositions studied, LiNi; 3sMn;,3Co;,30, has shown partic-
ularly promising electrochemical performances with revers-
ible capacity reaching up to 200 mAh g~' together with
enhanced thermal stability, and it is now widely used as cath-
ode material for numerous commercial applications (Yin
et al., 2006; Rozier and Tarascon, 2015).

Layered oxides LiMO, (M =Co, Ni, Mn) adopt the
a-NaFeO, structure, which corresponds to an ordered rock
salt in which lithium cations and transition metal (TM) cations
alternatively occupy the successive layers of octahedral sites
of the face-centered cubic array of oxygen anions, leading to
a regular stacking of LiO, and MO, sheets along the
[111]gcc direction (Figure 1). Delmas et al. proposed a
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classification of the different possibilities of stacking that
can be obtained, indicating the coordination of the alkali cat-
ion in the interslabs (T for tetrahedral, O for octahedral, and P
for prismatic) and the number of MO, slabs needed to recover
the periodicity (Delmas et al., 1980).

The average structure of NMC compounds is usually
described as an O3-type stacking with a trigonal R-3m unit
cell (hexagonal setting) or with a monoclinic C2/m unit cell
(Figure 1). However, there are still discrepancies about the
real structure of these compounds. Depending on the prepara-
tion history of the samples, the techniques used for their char-
acterization and the interpretation of the results, the following
features have been reported by different groups having studied

Figure 1. (Colour online) Ideal structure of LiNi;;3Mn;,3Co;,30, described
in both the R-3m trigonal and the C2/m monoclinic cells. MOg octahedra
are drawn in blue, where M =Ni, Co, Mn are shown as green, blue, and
purple balls, respectively. Lithium cations and oxygen anions are pictured
as gray, and orange balls, respectively.
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TABLE L

Structural model used in FAULTS for the simulation of the XRD,

NPD, and SADP patterns of LiNi;;3Mn;,3C01,30,, in the case of fully ordered
TM cation slabs, without Li*/Ni"™* cation mixing and with stacking faults
occurring with a probability p =10 %.

Cell
a=495A b=858 A ¢ =4.739906 A
a=90° B=90° 7=90°
Layers
Atom (#) xla ylb zlc Bis,
Layer 1 Ni'™ (1) 0 1/6 0 0.5
=Layer 3 Mn'Y* (2) 0 5/6 0 0.5
=Layer 4 Ni'"™ (3) 12 2/3 0 0.5
Mn'™v* 4) 12 1/3 0 0.5
Co™ (5) 0 12 0 0.5
Co™ (6) 12 0 0 0.5
Layer 2 Li* (7) 0 0 0 0.5
Li* (8) 12 12 0 0.5
Li* (9) 0 2/3 0 0.5
Li* (10) 0 173 0 0.5
Li* (11) 12 1/6 0 0.5
Li* (12) 12 5/6 0 0.5
o' (13) 0.341 6667 0 —0.275 0.5
0" (14) 0.6583333 0 0.275 0.5
o' (15) 0.841 6667 12 —0.275 0.5
o' (16) 0.1583333 12 0.275 0.5
o' a7 0.341 6667 173 —0.275 0.5
o' (18) 0.6583333 2/3 0.275 0.5
o' (19) 0.6583333 173 0.275 0.5
0" (20) 0.341 6667 2/3 —0.275 0.5
o' @1 0.841 6667 5/6 —0.275 0.5
0" (22) 0.1583333 1/6 0.275 0.5
0" (23) 0.1583333 5/6 0.275 0.5
o'~ (24 0.841 6667 1/6 —0.275 0.5
Stacking transition vectors
Transition xla ylb z/c P
Layer 1 — Layer 1 - - - 0.0
— Layer 2 —-1/6 0 172 1.0
— Layer 3 - - - 0.0
— Layer 4 - - - 0.0
Layer 2 — Layer 1 —1/6 0 172 0.9
— Layer 2 - - - 0.0
— Layer 3 —1/6 13 12 0.1
— Layer 4 —1/6 —1/3 172 0.1
Layer 3 — Layer 1 - - - 0.0
— Layer 2 —1/6 0 172 1.0
— Layer 3 - - 0.0
— Layer 4 - - - 0.0
Layer 4 — Layer 1 - - - 0.0
— Layer 2 —1/6 0 172 1.0
— Layer 3 - - - 0.0
— Layer 4 - - - 0.0

(a)

O—> o

v

o

these compounds: (i) random distribution of the cations within
the TM slabs (Kim and Chung, 2004; Whitfield ez al., 2005);
(ii) existence of local ordering (Cahill et al., 2005; Tsai et al.,
2005; Zeng et al., 2007; Shinova et al., 2008); or (iii) long-
range ordering of the cations leading to a superstructure
(Koyama et al., 2003); (iv) presence of stacking faults
(Yabuuchi er al., 2005); and (v) Li*/Ni'™ cation mixing
between the Li and Ni sites between the TM slabs and Li inter-
slabs (from O to 10% depending of the reports) (Kim and
Chung, 2004; Cahill et al., 2005; Whitfield et al., 2005; Yin
et al., 2006). Indeed such controversies are probably because
of the fact that the microstructure of the sample may vary
depending on their preparation condition, but also owing to
a lack of thorough characterization studies combining several
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Figure 2. (Colour online) Different models explored for the TM cation
distribution within the TM layers (layer 1): (a) random model, (b) fully
ordered model, and (c) honeycomb models. Ni'"™, Mn"* and Co™ cations
are drawn as spheres colored in green, purple and blue, respectively.

complementary techniques [both at a long-range scale: X-ray
powder diffraction (XRD), neutron powder diffraction (NPD),
and a more local one: electron diffraction (ED), NMR, etc.]
and difficulties in the analysis and interpretation of the results.

Here we used the program FAULTS to simulate the XRD,
NPD, and ED patterns of different structural models
for LiNi;;3Mn;,3Co01,30, compounds (Casas-Cabanas et al.,
2006, 2015, 2016). We demonstrate the importance of com-
bining different techniques to carefully characterize NMC
samples, and we show the advantages of using the program
FAULTS for the refinement of the powder diffraction patterns
instead of conventional Rietveld methods.

Il. METHOD

The program FAULTS can perform the simulation of
X-ray, neutron, and electron diffraction patterns of defective
layered materials, as well as the refinement of their X-ray
and neutron powder patterns (Casas-Cabanas et al., 2006,
2015, 2016). FAULTS is a FORTRAN 90 program, based
on the kernel of the DIFFaX program (Treacy et al., 1991a,
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Figure 4. (Colour online) (a) XRD and (b) NPD patterns of the different
models of TM cation distribution within the TM slabs: random (blue), fully
ordered (red), and honeycomb (green) models. The insets show
enlargements of the 26 range 18°-40° focused on the superstructure
reflections.
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Layer 1

(Colour online) Introduction of stacking faults in the stacking of the layers by means of the different transition vectors (f,1_; as a black arrow, t;1_73

1991b), which calculates from a recursive algorithm the inco-
herent sum of the diffracted intensities of structures containing
planar defects. In addition, FAULTS includes several modules
of the Crystallographic Fortran 90 modules library (CrysFML)
(Rodriguez-Carvajal and Gonzalez-Platas, 2003a, 2003Db),
which permits the refinement of the structural model against
the experimental data, with advanced treatments for isotropic
and anisotropic broadenings owing to size and strain effects
(taking into account the Gaussian and Lorentzian contribu-
tions as well as the size and number of layers stacked in the
crystallites).

In FAULTS, as in DIFFaX, the structure of the studied
phase is described in a different way from the classical struc-
tural description using crystallographic unit cells and space
groups. Indeed the layered structure has to be described as a
stacking of different layers/blocks, which are stacked one on
top of the others thanks to the use of stacking vectors,
which occur with a given probability. This way of description
of the structural model enables the user to easily introduce
stacking faults by defining new layers and/or new stacking
vectors.

To describe the structural models of LiNi;sMn;,3C0,,30,
we used a starting monoclinic cell (a =4.95 A, b=28.58 A, c=
5.02 A, and B=109.23°), which was described in FAULTS
using a vertical axis ¢’ =4.739906 A and a corrective/shift
transition vector of (—1/3 0 1) [for further details, refer to
(Casas-Cabanas et al., 2016) and the FAULTS manual pro-
vided with the program (Casas-Cabanas et al., 2015)]. The
monoclinic cell was deduced from the parent trigonal one
(R-3m, in hexagonal setting) using the relation:

. } 13 —1,3
(@b E)mono. = (@b C_)trig. -1 3 1/3
0 0 1/3
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Figure 5.
(c) honeycomb models.

We used two types of layers: a block of TM cations (Nij;
Mn,3Co,/3, TM slab, layer 1) and another block containing
lithium cations and oxygen anions (LiO,, Li interslab, layer
2), as described in Table I. These layers are stacked one on
top of the other by means of the transition vectors #;y_,72=
trap1=(—1/6 0 1/2).

Several models of cation distributions in the TM slabs
were investigated, as shown in Figure 2: (a) a random distribu-
tion of the TM cations over the TM sites (i.e. partial occu-
pancy of 1/3 for each cation type for each site), which was
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Figure 6. (Colour online) Effect of the amount of Li*/Ni"™ cation mixing (0,
5, and 10% in blue, red, and green, respectively) on (a) the XRD and (b) the
NPD patterns of the random model.
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SADP patterns along the [1-10] ¢y, zone axis of the different models of TM cation distribution within the TM slabs: (a) random, (b) fully ordered, and

considered as the reference model; (b) a fully ordered system
in which each TM cation was assigned to a specific site to
form a regular pavement; (c) a distribution of TM cations on
a and § sites according to their cation size [Ni'"™ on one side
[ionic radius of 0.69 A (Shannon, 1976)] and Mn'Y* and
Co™"* on the other side (0.53 and 0.545 A, respectively)] to
form a honeycomb pattern.

Then the effect of partial cation mixing between the Li
and Ni sites (0, 5, 10%) was explored for each of the three
models of TM cation distribution.

T T

é | l \‘ o
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Figure 7. (Colour online) Effect of the amount of Li*/Ni"™ cation mixing (0,
5, and 10% in blue, red, and green, respectively) on the NPD patterns of (a) the
fully ordered and (b) the honeycomb models.
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Figure 8. Effect of the amount of Li*/Ni'™ cation mixing (a, d, and g: 0%, b, e, and h: 5% and c, f, and i: 10%) on the SADP patterns ([1-10]¢2/,, zone axis) of

(a—c) the random, (e—g) the fully ordered, and (g—i) the honeycomb models.

Finally, the effect of stacking faults was also examined for
the ordered models, with and without Li*/Ni"™ cation mixing.
For this, two additional layers (layers 3 and 4), structurally
identical to layer 1, were required to describe the rotational
displacements (0 1/3 0) and (0 —1/3 0) that are at the origin
of the stacking faults and that were included in terms of stack-
ing transition vectors (Figure 3 and Table I). Different values
of probability of occurrence (from p = 0 to 33%) were given to
these stacking vectors to control the amount of stacking faults
occurring statistically.

Hence, combining the different TM cation distributions,
the Li*/Ni"™ cation mixing and the occurrence or absence of
stacking faults, 15 different structural models were studied.
FAULTS was used to simulate for each of them the XRD pat-
tern (Acu.ka1 = 1.540 56 A), the NPD pattern (1= 1.54 A) and
the selected area electron diffraction pattern (SADP, A=
0.0197 A). The XRD and NPD powder patterns were gener-
ated over the 26 range 5°-160° with a 20 step of 0.01°.
Background, number of counts and Poisson noise were gener-
ated using an offset value of 10.0 and scale factors of 1.0 and
1000.0 for XRD and NPD patterns, respectively. The SADP
patterns were simulated for the [1-10]¢y,, zone axis (i.e.
plane containing the hhl spots), setting a maximum value of
I =4, the brightness to a value of 100 and the intensity data
to be saved on a linear scale. These parameters were chosen
so as to clearly observe the superstructure features that will
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be discussed further in the results sections and as a conse-
quence a saturation line appears as an artifact at the center
of the SADP patterns.

lll. RESULTS AND DISCUSSION

Figure 4(a) shows the XRD pattern of a regular stacking
(no stacking faults, no Li*/Ni"™ cation mixing) of the three
models of TM cation distribution within the TM slabs (layer
1). The ordering of the TM cations within the TM slabs (in
both fully ordered and honeycomb models) induces the
appearance of new superstructure peaks in the region 26
20°—35° but with a very weak intensity, which are probably
hidden in the background in the case of experimental data.
This loss of information about the long-range ordering in
the TM slabs is due to the poor contrast between the scattering
powers of the TMs. In the case of NPD patterns [Figure 4(b)],
the new superstructure peaks are much more obvious over the
whole 20 range, thanks to the high contrast of scattering
lengths of the TMs (Ni, 14.4 fm; Mn, —3.73 fm; Co, 2.49
fm). The intensity of the superstructure reflections is slightly
lower for the honeycomb model with respect to the fully
ordered model, and therefore these two models can possibly
be distinguished from the refinement of experimental NPD
data. In SADP patterns (Figure 5), the ordering of the TM cat-
ions within the TM slabs equally causes the appearance of

S217
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Figure 9. (Colour online) Effect of the amount of stacking faults (from p =0
to 33%) on the NPD patterns of (a) the fully ordered model and (b) the
honeycomb model.

additional spots along the [001]* -y, direction; however in
this case the two models cannot be distinguished from the
intensity of the additional spots.

Figures 6-8 show the effect of the amount of Li*/Ni"™* cat-
ion mixing (0, 5, and 10%) on the XRD, NPD, and SADP pat-
terns of the three models of TM cation distribution. As seen in
Figures 6 and 7, the introduction of Li*/Ni""* cation mixing
significantly weakens the intensity of the main reflections
(003)g-3n = (001) cosm at 26~ 18.7°, (10D)g3,, = (130)cosm at
20 ~36.8°, (015)r3, =(—132)co/m at 20 ~48.7°, (107)gr.3m
= (132)co, at 20 ~58.7° and (115)g.3,, = (061) oy, at 26 ~
68.5° in both XRD and NPD patterns, in agreement with the
lower X-ray scattering power and neutron scattering length
(—1.90 fm) of Li with respect to the TMs. The intensity
changes are again more pronounced in the NPD patterns
than in the XRD, and the intensity of all the superstructure
reflections are also affected in the NPD patterns (Figure 7).
No change is observed in the SADP patterns in the case of
the random model [Figures 8(a)-8(c)], while an enhanced
intensity of the superstructure spots is noticed with the
increased amount of Li*/Ni"™ cation mixing in the case of
the ordered models [Figures 8(d)—8(i)].

Finally, the effect of stacking faults on the XRD, NPD,
and ED patterns was examined for both of the ordered models,
as shown in Figures 9 and 10. No significant change in the
XRD patterns was observed (not shown here). On the con-
trary, the increasing amount of stacking faults induces a con-
tinuous broadening of the superstructure diffraction peaks of
the NPD patterns, which eventually ends for a probability of
occurrence of faulted transitions p >20% in a unique asym-
metric broad peak (Warren fall) typical of highly faulted struc-
tures (Figure 9). In the SADP patterns [Figures 10(a)-10(e)],
the superstructure spots convert equally in diffuse scattering
lines as the amount of stacking faults increases. This is in
agreement with the decreasing coherent domain size of the
ordered domains. Small amount of Li*/Ni"™ cation mixing
significantly enhanced the intensity of the diffuse scattering
lines, as shown in Figure 10(f).

Our results suggest that the characterization of NMC com-
pounds using solely X-ray diffraction can only inform

(&N[1-10] _

c2fm

Figure 10. Effect of the amount of stacking faults (a: p = 0%, b: p =2%, c¢: p =5%, d: p = 10%, e and f: p = 33%) on the SADP patterns of the fully ordered model,

(a—e) without Li*/Ni"™ cation mixing and (f) with 5% of Li*/Ni"™*
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approximately on the amount of Li*/Ni'™* cation mixing but
totally fails in providing any information about the ordering
within the TM slabs and about the regularity of stacking on
these slabs, since these features do not involve any significant
change in the XRD patterns. Therefore extreme care should be
taken when interpreting XRD patterns of this kind of
materials.

Thanks to higher contrast between the neutron scattering
length and electron scattering power of the cations, NPD
and ED can provide more relevant information.
Superstructure reflections appear in both NPD and ED pat-
terns when TM cations are ordered within the TM slabs. By
enhancing the chemical contrast, the Li*/Ni"* cation mixing
between TM slabs and Li interslabs significantly affects the
intensity of the superstructure features in both NPD and ED
patterns. Furthermore, the presence of stacking faults progres-
sively broadens the superstructure features resulting in Warren
falls and diffuse scattering lines in NPD and ED patterns,
respectively.

IV. CONCLUSION

The XRD, NPD, and ED patterns of different structural
models for LiNi; ;3Mn;,3Co;,30, compounds, including cation
ordering in the TM slabs, Li*/Ni'™ cation mixing and stacking
faults, were simulated using the FAULTS program. Our
results show that while XRD runs short in giving reliable
results on the fine microstructure of this kind of compounds,
ED provides the proof of TM cation ordering within the TM
slabs if such exists at least at local/short range (ED is a local
probe), and even if there is no order or only weak ordering
along the direction of the stacking. On the other hand, our
results demonstrate that NPD should be more systematically
used to characterize the long range order of the TM cations
in these NMC compounds, which is not much found in the
literature. Indeed, if such a TM cation ordering exists within
the TM slabs, and even if there is no long-range order along
the stacking direction, the intensity of the Warren peak at
20 ~ 20.7° should be sufficiently high to arise from the back-
ground of the NPD pattern and thus prove the long-range cationic
ordering within the TM slabs. While NPD can probably be used
to distinguish between the fully ordered and the honeycomb
models, ED fails in doing so.

Finally, the results of this simulation study should orient
further experimental characterization of NMC samples, and
suggest that FAULTS could be successfully used to perform
advanced refinement of their NPD patterns, instead of using
conventional Rietveld methods, to extract the structural infor-
mation that is contained in superstructure reflections that are
susceptible to appear in the NPD patterns.
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The XRD, NPD, and SADP simulations were performed
with the version July 2016 of the FAULTS program. The
structures were drawn and examined with the help of the visu-
alization programs FullProf Studio (Rodriguez-Carvajal and
Chapon, 2004) and VESTA (Momma and Izumi, 2011).
The XRD and NPD patterns were plotted using the GUI pro-
gram WinPLOTR (Rodriguez-Carvajal and Roisnel, 1998;
Roisnel and Rodriquez-Carvajal, 2001) included in the
FullProf Suite (Rodriguez-Carvajal, 1993a, 1993b). The
SADP patterns were drawn with the image processing pro-
gram ImageJ (Rasband, 1997; Abramoff er al., 2004;
Schneider et al., 2012).

FAULTS DOWNLOAD

The FAULTS program (Casas-Cabanas et al., 2006,
2015, 2016) can be obtained either as part of the FullProf
Suite at http:/www.ill.eu/sites/fullprof, or as a separate pro-
gram by downloading the compressed file at http:/www.cice
nergigune.com/faults. The source code is also available in
the CrysFML repository at http:/forge.epn-campus.eu/projects/
crysfml/repository/ (Rodriguez-Carvajal and Gonzalez-Platas,
2003a, 2003b).
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