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ABSTRACT: Nickel-rich transition-metal (TM) layered oxides, partic-
ularly those with high Ni content, attract worldwide interest for potential
use as high-capacity cathodes in next-generation Li-ion batteries.
However, as Ni loading increases, Li and Ni sitting at octahedra tend
to mix, resulting in reduced electrochemical activity, which has been one
major obstacle to their practical applications. Herein, we investigate the
kinetic and thermodynamic aspects of Li/Ni mixing in Li-
Niy,Mn,Cop;_,0, (0 < x < 0.3) as they are synthesized,
through quantitative determination of structural ordering and compar-
ison to ab initio calculations. Results from this study elucidate the role
of Co/Mn-substitution in tuning Li/Ni ordering, intrinsically through
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local magnetic interaction. Specifically, Co substitution facilitates Li/Ni

ordering by relieving the intra-plane magnetic frustration and reducing the inter-plane super-exchange (SE) interaction; in
contrast, Mn exacerbates magnetic frustration and strengthens SE, thereby aggravating Li/Ni mixing. These findings highlight
the interplay between local magnetic interaction and cationic ordering, which has yet to be fully investigated for the needs of
designing high-Ni layered cathodes and, broadly, TM-based oxides for various applications.

T ransition metal (TM) oxides are naturally abundant and
exhibit large varieties of structures and properties, and
have found wide applications.' Notably, the multi-cation
layered oxides, LiNi,_,(MnCo),0, (generally called NMC),
have been increasingly applied as high-capacity cathodes in
lithium-ion batteries (LIBs). Among the NMC based cathodes,
high-Ni ones are the most promising for near-future
application in LIBs, particularly for transportation applications,
because of their high specific capacities (180—220 mA h
g™)),””® much higher than those of commercially available
LiCoO, (140 mA h g™'), LiFePO, (170 mA h g™'), and
LiNi, 5Co;,sMn; 50, (160 mA h g™').”® However, cationic
disordering, generally shown as Li/Ni mixing in octahedral
sites, becomes one big issue in this type of cathodes,” ™"
because it is detrimental to Li diffusivity, cycling stability, first-
cycle efficiency, and overall electrode performance.'””"> The
recent studies through in situ probing synthesis process show
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that cationic ordering is highly coupled to the reconstruction
of octahedra upon formation of the layered phase, and because
of high diffusivity of Ni in the oxygen-deficient NiOg
octahedra, serious Li/Ni mixing occurs.'® In order to realize
the full potential for commercial use, it is crucially important to
tune Li/Ni ordering in high-Ni NMC during synthesis, but, on
the other hand, it has been challenging because synthesis is
such a complex process and often undertaken under non-
equilibrium conditions. Therefore, not only the thermody-
namics but also the kinetic aspects of the cationic ordering
need to be taken into account in designing the synthesis of
high-Ni NMC.""™"
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Thermodynamically, Li/Ni mixing has been mostly
attributed to the propensity of Ni to form Ni**, the similar
size of Ni** and Li*, and the low energy barrier for the
migration of Ni** ions.”0™** According to these arguments, the
Li/Ni mixing would prefer to take place in compounds with
more Ni** ions. However, it contradicts the fact that high Li/
Ni mixing has often been found in high-Ni layered NMC,
wherein the population of Ni** ions is much higher than that of
Ni**. Therefore, the unique structure and underneath
interaction among constituent cations may play an important
role in determining Li/Ni ordering. Particularly, super-
exchange (SE) interaction should be considered since TM
cations (Ni**/3*, Co**, Mn**) usually contain unpaired spin
electrons.”>* In addition, those magnetic TM ions residing on
the planes of edge-sharing equilateral triangles form an infinite
triangular lattice. As a structural unit of two-dimensional (2D)
triangular lattice, a single plaquette is composed of three TM
spins. No matter how up and down spins are arranged, there is
always at least one uncertain spin in the plaquette of triangular
lattice, which can be considered a typical magnetic lattice with
geometrical frustration, as illustrated in Scheme 1A. In such
triangular frustrated lattices, the magnetic ordering is always

Scheme 1. Illustration of This Study, through a Multimodal
Approach Using in Situ, ex Situ Techniques and Ab Initio
Calculations, to Determine the Relationship between

the Kinetics, Thermodynamics of Cationic Ordering, and
Local Magnetic Interaction in LiNi,,;Mn,Cog;_,0, (0 < x <
0.3). (A) In Situ Tracking of the Kinetic Proces of Cationic
Ordering during Calcination (Left),

Thermodynamics of Cationic Arrangement in the
Intermediates and Final Products by ex Situ Studies
(Middle), and the Magnetic Frustration and Super-
Exchange (SE) by Theoretical Calculation (Right); (B)
Given That the Fraction of Ni Is Fixed in a Series of
Materials, 70% Ni in the Composition Leads to Two Ni Ions
Occupying Two Corners of Triangular Lattice and the
Third Corner Occupied by Magnetic Mn Ions and Non-
Magnetic Co Ions, Allowing Systemic Studies of How Co/
Mn Substitutions Impact the Cationic Ordering. Upon the
Substitution of Co by Mn, the Spin Configuration Changes
Accordingly, Representing the Increase in Magnetic
Frustration and Thus the Increase in Li/Ni Mixing.
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suppressed because the competing interaction cannot be
satisfied simultaneously.”” Moreover, the instability of
competing interaction might lead to nontrivial structure-
related phenomena through the coupling with lattice degree of
freedom for relief of magnetic frustration.”*~

Because synthesis is mostly performed under non-equili-
brium conditions, kinetic control of the synthesis process is
crucial to reaching the high cationic ordering, that is, minimum
anti-site Li/Ni occupancy in NMC oxides. Only through in situ
tracking of the synthesis process, under real synthesis
conditions, the kinetics of cationic ordering can be learned,
as illustrated in Scheme 1A. On the other hand, the ordering/
disordering process involves the migration of Ni** between
Li(3b) sites and TM(3a) sites, and so the reaction kinetics is
highly dependent on the activation energy for the migration of
Ni ions,” and eventually determined by the intrinsic
(magnetic and electronic) interaction in the framework,
which can be learned from theoretical calculations (as
illustrated in Scheme 1A; right). For better understanding of
the kinetic and thermodynamic aspects of cationic ordering,
LiNiO, (LNO) and Co/Mn-substituted variants, high-Ni
LiNiy,Mn,Cog;_,O, are used as model systems (Scheme
1B), allowing systemic studies of how Co/Mn substitutions
impact the cationic orderin% in NMC and the eventual
electrochemical properties.B’Z(’"1 In these models, the 70% Ni
in the composition leads to two Ni ions occupying two corners
of frustrated triangular lattice and the third corner occupied by
Mn, Co, or Li when Li/Ni mixing happens (Scheme 1B). Also,
it should be noted that the substitution is related to the
concentration of Co or Mn against the other in the 3a sites
(Scheme 1); no specific sites are expected due to the solid
solution nature of the layered structure, wherein the TMs are
randomly distributed in TM(3a) sites.

In this study, a multimodal approach is employed
for determination of the kinetic synthesis process and related
cationic ordering in preparing high-Ni LiNi,,Mn,Coq;_,0, (0
< x £ 0.3), via a combination of in situ synchrotron high-
energy X-ray diffraction (HEXRD), absorption spectroscopy
(XAS), neutron powder diffraction (NPD), and nuclear
magnetic resonance (NMR). Quantitative analysis is made
in order to identify the impact of Co/Mn substitution on the
kinetics and thermodynamics of cationic ordering, and to
make direct comparison to first-principles calculations. It is
found that the presence of Co facilitates the Li/Ni ordering by
reducing the strength of magnetic frustration and strengthen-
ing intra-plane SE interaction. Further substitution of Mn
increases the strength of magnetic frustration and strengthens
the inter-plane SE interaction, thereby aggravating Li/Ni
mixing. These findings shed light on the intrinsic roles of Co/
Mn in tuning Li/Ni mixing through local magnetic interaction,
and so may help to pave the way for synthetic design of high-
performance layered NMC cathodes and other TM-based
functional materials.

Figure 1A shows the setup for in situ synchrotron HEXRD
measurements of Li/Ni ordering/disordering in Li-
Niy,Mn,Coy;_,0, (0 < x < 0.3) when subjected to high-
temperature treatment. LiNiy;Mn,;Coy,0, (NMC712),
LiNiy ,Mn,,Co,,0, (NMC721), and LiNiy,Mn,;0,
(NM73) were used in this study, wherein the concentration
of Ni was fixed to occupy the two corners of frustrated
triangular lattice, allowing to determine the effect of Co/Mn
on Li/Ni disordering. Figure 1B shows the time-resolved
HEXRD patterns recorded for NMC712 during heating at 850
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Figure 1. In situ tracking of cationic ordering/disordering in LiNiy,Mn,Coy3_,0, (0 < x < 0.3) during calcination at 850 °C. (A) Schematic
illustration of the experimental setup for in situ HEXRD measurements. (B) Time-resolved HEXRD patterns recorded at 850 °C during the
synthesis of LiNiy,Mn,;Co,,0, (NMC712), with wavelength 1 = 0.2953 A. (C) Intensity maps of characteristic peaks (003), (104) in Figure
1B. (D—G) Evolution of the I(g3)/I(104) ratio, lattice parameter g, ¢, and occupancy of Ni at 3b sites, respectively, as a function of holding time for
NMC712 (black square), NMC721€red circle), and NM73 (blue triangle). The solid lines in (E,G) represent the fitting of lattice parameter a and
the anti-site occupancy of Ni at 3b sites, Ni(3b), as a function of time, by using an exponential-linear function y = A exp(—kt) + bt + y,; the error
bars represent standard deviations derived from the Rietveld refinements. (H) Dependence of the kinetics of cationic ordering on Mn
stoichiometry; see results from the quantitative analysis listed in Table 1.

°C. The layered structure was already formed at the very
beginning of calcination because they had been pre-heated at
500 °C for 10 h."” The extension of holding time at 850 °C for
up to 6 h led to initial improvement and then deterioration of
Li/Ni ordering, as indicated by the evolution of peak intensity
in (003) (Ipo3)) and (104) (I(o4)) reflections. Similar
behaviors were also observed in NMC721 and NM73 (Figure
S1).

Because Li/Ni mixing has negligible impact on I(jq,
but significant impact to Irg3), the Igo3)/I(104) ratio is usually
used to evaluate the degree of Li/Ni mixing.” As shown in
Figures 1C and S2, I(;o4) for NMC712, NMC721, and NM73
increased slightly in the first 2 h of holding and then leveled
off, whereas I3 increased quickly and then decreased in all
three samples. As a result, the Ijgo3)/I(104) ratio increased
initially and then decreased continuously with holding (as
demonstrated in Figure 1D), indicating the competition
between ordering/disordering processes during calcination.
Li NMR was carried out to identify the site occupancy and
local environment of Li because X-ray is not sensitive to light
element Li. As will be discussed below (in Figures S3 and 2A),
both Li and "Li NMR spectra of the series of samples showed
the presence of Li in TM(3a) in addition to Li(3b) sites. Thus,
an anti-site model (Lil_xNix)3b(TM1_yLiy)3aOZ was used for
Rietveld refinement of individual HEXRD patterns from in situ
measurements, to obtain quantitative information on the
structural evolution. In this model, TM(3a) sites are randomly
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occupied by Ni, Mn, and Co with the designed stoichiometry,
and the changes are only related to the concentration because
of the solid solution nature of the layered structure. For the
refinement, pure layered structure (R3m) was used as the
model because fitting using the other models, such as spinel
structure (Fd3m) and mixing phase (of layered structure and
spinel structure), did not bring any further improvements
(Figure S4).

Figure 1E—G present the quantitative structural evolution of
NMC712, NMC721, and NM73 during calcination at 850 °C
(detailed information from Rietveld refinement is given in
Table S1). At the beginning of the holding, both lattice
parameters a and occupancy of Ni** at 3b sites showed an
exponential decay, indicating the fast Li/Ni ordering. After
holding at 850 °C for a certain time (~1 h or longer), they
reached minimum values and increased linearly thereafter,
indicating Li/Ni disordering caused by Li/O loss at high
temperatures. Li/Ni ordering and disordering occurred
concomitantly throughout the calcination, with ordering
being dominant at the beginning and then disordering
becoming dominant after a long holding time (as a result of
Li/O loss).>* The c/a ratio, as another characteristic of Li/Ni
ordering besides the I(go3)/I(104) ratio and anti-site Ni content,
confirmed the trend of change during the calcination process
(Figure SS).

As shown in Figure 1G, it took longer time for the
occupancy of Ni(3b) to reach the minimum with the increase
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Figure 2. Thermodynamic impact of Co/Mn substitution on the structural ordering in LiNiy,Mn,Cog;_,0, (0 < x < 0.3). (A) °Li NMR spectra
for identifying the Li occupancy in the Li-slab (3b sites) and TM-slab (3a sites) in the synthesized NM73, by spin-echo sequence and reversion
recovery sequence (saturated) with recovery time of 0.012 s (see also Figure S3 for other compositions without applying the reversion recovery
sequence). The peak at about 4 ppm (labeled by “*”) comes from Li,CO;/LiOH, whereas other unmarked peaks are attributed to the side bands
and background. (B) NPD patterns of NM73 in comparison to the calculated patterns by Rietveld refinement. In the plots, black dots: observed
data; red lines: calculated data; purple bars: Bragg peak positions, blue lines: difference between the observed and calculated data; green lines:
background. (C) Anti-site occupancy of Li at 3a sites and Ni at 3b sites, with strong dependence on Co and Mn stoichiometry. (D) Lattice
parameters a (black triangle) and ¢ (blue triangle), Li/TM-slab distances, and bond lengths from refinements of the NPD data, showing strong
dependence on Co and Mn stoichiometry. The error bars in (C, D) represent standard deviations obtained from Rietveld refinements.

Table 1. Parameters Obtained from Fitting to the Time Dependence of Lattice Parameter a and Cationic Disordering [i.e. Ni
at 3b Sites; Ni(3b)] Using the Equation y = A; exp(—kt) + bt + y,.

composition lattice parameter a anti-site occupancy Ni(3b)
A k b Yo Ay k b Yo

NMC712 0.0028(1) 4.869(1) 0.00059(1) 2.896(1) 0.0289(1) 2.684(1) 0.00421(1) 0.063(1)

NMC721 0.0043(1) 4.491(1) 0.00057(1) 2.904(1) 0.0329(1) 1.924(1) 0.00276(1) 0.099(1)

NM73 0.0017(1) 1271(1) 0.00035(1) 2.910(1) 0.0277(1) 0.576(1) 0.00343(1) 0.122(1)
in Mn content, which indicates that the Mn content greatly giving arise to reasonably good electrochemical performance
affected the kinetics of Li/Ni ordering in NMC. Therefore, in (Figure §7)."” In short, Mn substitution not only slowed down
order to quantify the ordering kinetics, we used y = A, the kinetics of Li/Ni ordering but also aggravated the degree of
exp(—kt) + bt + y, (a combination of exponential and linear Li/Ni mixing.
functions) to fit the evolution of the lattice parameter a and With insights from the in situ studies, we prepared a series of
anti-site occupancy (of Ni** at 3b sites) with time (see detailed NMC materials (of varying Co/Mn content), with the Li/Ni
discussion in the Supporting Information, Section S1).'”* mixing minimized in order to get close to their thermodynamic

Herein, parameters k and b represent the kinetics of Li/Ni state. Five samples, LNO, NC73, NMC712, NMC721, and
ordering and disordering, respectively. From the fitting (as NM?73, were synthesized and then characterized by NMR and

shown in Figure 1H and Table 1), it is clear that k decreased NPD. Li NMR is sensitive to local environment around Li (as
obviously with increasing Mn content, whereas b decreased a shown in Figure S3). Only two peaks were observed in *’Li
bit, confirming the role of Mn substitution in slowing down NMR spectra: the overlapped Li signal in layered phase and
both Li/Ni ordering and disordering, especially the Li/Ni Li,CO;/LiOH at around 300—1200 and ~4 ppm, respectively.
ordering process. More obvious behavior was observed in By means of the difference in relaxation time (T;) of Li at
preparing NMC71515, wherein Li/Ni ordering took over 3a and 3b sites, a recovery pulse was applied to saturate Li at
throughout the calcination process, in contrast to the behavior 3b site and suppress its signal, in order to highlight Li at the
observed in the non-Mn-containing counterpart, NC73, where TM site. By doing this, a small shoulder peak was directly

serious Li/Ni disordering occurred after 850 °C (Figure S6 observed at the low field side (~1260 ppm) for NM73,
and Section S2). As shown in Figure 1G, the lowest Li/Ni confirming the existence of Li at TM(3a) sites in high-Ni
mixing was reached in the sample calcined at 850 °C for ~2 h, layered oxides, although the amount is small (see Figure 24,
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Figure 3. Valence state and local environment of Ni, Mn, Co in LiNiy,;Mn,Cog3_,0, (0 < x < 0.3). (A—C) X-ray absorption near-edge structure
for Ni, Mn, and Co K-edges, respectively (inset: zoom-in view in the selected energy ranges at half-maximum magnitude of the peaks). (D—F)
Fourier transform (FT) of the extended X-ray absorption fine structure for Ni, Mn, and Co K-edges, respectively. (G) Atomic percentage of fully
oxidized TM ions (i.e.,, Ni**, Co*, and Mn**), the error bars represent standard deviations obtained from spectral fittings. (H) Illustration of the
layered structure and relevant bond length: 0.5¢c = 1.5 (dy;gu + drpesp), 2nd the value of a equals to TM—TM inter-distance (dry_ty)-

Section $3).”* "Li peak of NC73 shifted to the high-field side
compared to LNO, indicating the higher shielding from
neighboring atoms and the shorter distance. With the further
substitution of Co by Mn, "Li peak shifts to the low-field side,
indicating the low screening from neighboring atoms and the
expansion of local environment. High-resolution °Li NMR was
measured from the obtained samples, in order to clarify and
differentiate the Li in the Li-slab and TM-slab (Figure S3).
The quantitative analysis by fitting °Li NMR spectra indicated
that NC73 had the lowest Li content at TM(3a) sites, whereas
it increased with the substitution of Mn (Figures 2C and S3,
Table S2).

Rietveld refinement was made to the NPD data by using the
same model and constraint as used for the HEXRD data
(Figures 2B and S8). The main results are given in Figure
2C,D and Table S3. Within the composition range tested, the
plots of lattice parameters (a and ¢) and anti-site occupancy
(of Ni** at 3b sites, and of Li at 3a sites) as a function of Mn
concentration show an upside-down parabola-like shape,
similar to the Li occupancy at 3a sites from NMR (Figure
2C). NC73 showed the smallest values in the Ilattice
parameters a and ¢, as well as in the occupancy of Ni** at 3b
sites and of Li* at 3a sites, indicating that Co substitution led
to the decrease in lattice parameters and suppression of Li/Ni
mixing; in contrast, further replacement of Co by Mn caused
the gradual increase in both lattice parameters and Li/Ni
mixing. In the whole series, NC73 shows the largest Li-slab
distance, indicating the best ionic conductivity and rate
performance among the compositions (Figure 2D)."”* Over-
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Overall, NMR results and NPD data agreed well with each
other although the values are slightly different because of the
difference in their sensitivity to Li. From these two comple-
mentary experiments, we demonstrated that the substitution of
Co by Mn increased the lattice parameters a and ¢ and the anti-
site Li at TM(3a) sites and anti-site Ni at Li(3b) sites. In
addition, the composition calculated from the Rietveld
refinement is quite close to the designed stoichiometry
(Table S3), indicating that the stoichiometry is well controlled
during the calcination process.

Intriguingly, TM—O bond length showed a similar upside-
down parabola, whereas the Li—O bond length showed
negligible change (Figure 2D), which may be related to the
valence states of the TMs. X-ray absorption near-edge
spectroscopy (XANES) was used to examine the valence
states of individual elements (Ni, Mn, and Co) and their local
environment (Figure 3). With the increase in Mn content, the
edge of Ni K-edge spectra shifted to lower energies, indicating
that the average valence state of Ni decreased, in contrast to
the minor change in the XANES of the Co and Mn K-edges
(Figure 3A—C). Herein, Mn K-edge spectrum from NMC333
is used here as a reference for Mn(IV).>> Valence states of
TMs in different compositions were further quantified by linear
fitting of XANES spectra using standard references (Figure
S9). As demonstrated in Figure 3G, with the increase in Mn
content from 0.1 to 0.3, the fraction of Ni** decreased, from
~79 to 65%, whereas the fraction of Co®" and Mn*" remained
nearly constant, at around 1.0. Consequently, with the
replacement of Co®* by Mn*, more Ni** was introduced
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into the system for charge compensation. Moreover, compared
to NC73, an extra 10, 20, and 30% Ni** should be expected to
compensate for the charge balance of Mn*" substitution in
NMC712, NMC721, and NM73. However, the anti-site Ni*"
was increased only from 1.36 to 2.56, 4.23, and 7.57%,
respectively (as calculated from NPD refinement), much
smaller than those of newly introduced Ni**. This finding
means that most of the newly introduced Ni** is located at the
3a sites of the TM-slab rather than the 3b sites of the Li-slab,
and so it did not cause much change to the Li—O bond length,
but significant change to the TM—O bond length (as shown in
Figure 2D).

Fourier transform (FT) of EXAFS spectra was carried out to
characterize the local bond length of individual TMs (Figure
3D—F; see also Figure S10 for the high-quality XAS data in k
space). Some more details about the fitting and related results
of Ni K-edge EXAFS are provided in Section S4, Figure S11,
and Table S4. With the increase in Mn content, the bond
lengths of both Mn—O and Co—O show negligible change
(both around 1.4 A), corresponding to the constant valence
state of Mn(4+) and Co(3+). However, the peak associated
with Ni—O bond exhibits obvious change with the
introduction of Mn: a shoulder peak at 1.7 A was observed
and became more obvious as the Mn content increased. The
peaks at 1.5 and 1.7 A correspond to Ni**~O and Ni**—O
bond length, respectively. As the population of Ni*" increased
with the Mn content, the height of shoulder peak at 1.7 A
increased (see also Table S4), which agrees with the NPD
results. There is a small fluctuation in the peak intensity of the
FT-EXAFS data likely because of the change in the relative
concentration of Ni**/Ni** (Figure 3D). The Jahn-Teller effect
is well demonstrated in the FT-EXAFS of the reference LNO,
as shown by the obvious peak splitting, with features both at
~1.65 A, and at 2.0 A (Figure 3D), similar to the observation
in early studies.””*® However, in the presence of Mn, the effect
becomes more complex and is not well followed in NMC712,
NMC721, and NM?73, similar to observations in other NMC-
based complex systems.’*"~*

As schematically illustrated in Figure 3H (for half-unit cell),
the lattice parameters a and ¢ highly depend on the size of
TMOg and LiOg octahedrons, specifically, 0.5¢ = 1.5d}; g, +
1.5d 7y g0y and a equals the TM—TM inter-distance (dry_wm),
which are eventually determined by bond length. The dj; g
and dryp g, are presented in Figure 2D, the drypg,, shows a
same trend with the lattice parameters a and ¢, whereas dj; g,
shows a reverse trend, indicating the lattice parameters are
determined by dryg and TM—O bond length. The bond
length is determined by the valence state of Ni and its
distribution (disordering). The valence state of Ni decreased
with the introduction of Mn, thereby causing increase in the
average bond length of TM—O and drypg,,. Overall, the
change in Li/Ni mixing did not cause much change in the Li—
O bond length or dj; 4, (as shown in Table S3). From both
NPD and XAS data, the composition dependence of
macroscopic lattice parameters (such as a, ¢, Li—O bond
length, and average TM—O bond length) is determined.

By studying the cationic ordering in the pure LNO and a
series of LiNiy,Mn,Coy;_,0, we were able to show the
important role of Mn/Co substitution in tuning the Li/Ni
mixing. Simply put, Co substitution facilitates Li/Ni ordering,
whereas Mn substitution makes it worse, which, however, may
not be exll)lained by the change of ionic radius as traditionally
believed.”" > First of all, in the case of pure LNO, despite the
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high concentration of Ni**, the Li/Ni mixing is higher than any
other Mn/Co-substituted variants (as shown in Figures 2 and
3). Here, through quantitative determination of the structural
ordering from multimodal characterization, we may have better
understanding of the impact of Mn/Co substitution on Li/Ni
mixing. As given in Table SS, the evolution of lattice parameter
a as a function of Mn/Co substitution is expected to increase
from 1 to 1.050 (normalized to NC73), as the Mn content
increased from 0 to 0.3 when estimated only from the ionic
radius; it is much different than experimental results, which is
from 1 to 1.007 when normalized to NC73 (Table S3). The
large discrepancy indicates that, in addition to the effect of
ionic radius, other effects, such as electrostatic and magnetic
interaction (as illustrated in Scheme 1), may play an important
role. In the layered structure, the charge state is neutral and so
the effects of their local distribution caused by Mn/Co
substitution should be negligible to the macro-crystal lattice.
Typically, magnetic frustration exists in a 2D triangular lattice
with the magnetic Ni** and Ni’** ions, and inevitably
destabilizes the crystal structure, which should play a key
role in determining the crystal structure. The appearance of
non-magnetic Li* in the TM layer will relieve magnetic
frustration through removal of competing magnetic interaction
on the neighbor site and, therefore, stabilize the crystal
structure (Scheme 1). On the other hand, the appearance of
magnetic Ni,,** in the Li* layer will also relieve magnetic
frustration through the provision of magnetic SE interaction
between spin of Ni** and spins of TM ion in TM-slab bridged
by O ions. Hence, the occurrence of Li/Ni mixing is beneficial
to the stabilization of the layered crystal structure of NMC
through relief of magnetic frustration, which is the origin of Li/
Ni mixing from the view of thermodynamics. If magnetic
Ni**/3* jons are replaced by non-magnetic Co®" ions in a low-
spin state, the magnetic frustration can be relieved and the
crystal structure can be stabilized with less Li/Ni disordering.
That is why NC73 has the lowest Li/Ni mixing in the series.
As Mn** substitutes Co®", the spins of magnetic Mn** ions will
enhance the magnetic frustration of triangular lattice (Scheme
1); thus, Li/Ni mixing is aggravated in order to release the
frustration and stabilize the crystal structure.

In order to quantify the effects of cationic substitution on
Li/Ni mixing, we carried out ab initio calculations based on the
GGA + U approach (see Section SS5). First, these calculations
were performed for LNO based on the anti-site Li/Ni model
along with the consideration of the ferromagnetic (FM) and
anti-FM (AFM) structure. A value close to the NPD result,
10% of the Li/Ni anti-site defect, was chosen for the
calculations. The spin density of states (sDOS) of LNO with
FM and AFM magnetic structure are plotted in Figures S12
and S13, and it can be seen that LNO with AFM magnetic
structure shows a semiconductor characteristic with a band
gap. In addition, the system with lowest energy manifested a
preference for the space group C2/m with G-type anti-FM
ordering (G-AFM; see detailed discussion in the Supporting
Information, Section S7 and Table S6). For simplification, the
Li/Ni defect of 10% and space group of C2/m with G-AFM
were applied to all cathode compositions.

The calculated lattice parameters a and ¢ are shown in
Figure 4A and Table S7. The calculated values are slightly
higher than the experimental data, mostly because of using a
larger value of the Li/Ni mixing for the calculations.
Importantly, it can be seen that from NC73 to NM73, the
lattice a increased from 1 to 1.021 (normalized to NC73)
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Figure 4. Electronic structure for LNO and LiNij,;Mn,Coy;_,0, (0
< x £0.3) revealed by theoretical calculations. (A) Lattice parameter
a, from refinement of NPD data (black open circles), in comparison
to calculated values in the presence of Li/Ni mixing (red open
circles). (B) Calculated formation energy (Eg) for Li/TM anti-site
defects (with the content of 10%). (C) 3D spin electron density
contour maps along the [001] plane to illustrate the intra-plane SE
interactions. (D) 2D charge density contour maps along the plane of
TM—O-Ni 180° directions in LNO (left), NC73 (middle), and
NM73 (right).

when considering the magnetic interactions (including
magnetic frustration and SE), which is much close to the
experimental value than that estimated only from the ionic
radius. This indicates that the magnetic interactions, rather
than the ionic radius caused by Mn/Co substitution, play an
important role in determining the lattice parameters and Li/Ni
mixing. Figure 4B shows the calculated average formation
energy (E;) of the Li/Ni anti-site defect in Li-
Niy,Mn,Coy3_,0, (0 < x < 0.3) (The formation energy
was defined in the Supporting Information, Section S8). The
anti-site Li/Ni in LNO has the smallest E; only ~500 meV,
indicating that Li/Ni mixing happens readily; once Co is
introduced (as in NC73), the value of E; is greatly increased,
indicating that the Co substitution makes Li/Ni mixing more
difficult, a finding that is consistent with experimental
observations.”*" With the introduction and further increase
of Mn content, E; gradually decreased, indicating that the
possibility of Li/Ni mixing would increase. These calculated
results are consistent with the experimental results (Figure
2C). The E; of Li/Co and the Li/Mn anti-site were also
calculated (Figure 4B), and they show much larger values than
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those of Li/Ni mixing, indicating that Li/Co and Li/Mn
mixing are not likely to happen from the viewpoint of
thermodynamics.' In contrast, results from calculations
ignoring the spin polarization of Ni, Co, and Mn ions (as
presented in Figures S14 and S15), are chaotic and not
consistent with the experimental results, indicating that the
spin polarization plays an indispensable role in Li/Ni mixing in
the NMC systems. Such an inconsistency is mainly because the
single-point energy of NMC without spin polarization is not
the ground-state energy. In addition, the intensities of SE
interactions between different TMs are also neglected, which
directly affect the calculated formation energies. Thus, the
impact of SE interactions on cationic disordering should be
further analyzed.

The spin density corresponding to the structure unit is
plotted in Figure 4C. This stability of structure unit was
decided by electronic SE. A class of inorganic supramolecular
chains is formed in space. In pristine LNO, FM SE interaction
within the TM-slab is mediated via the oxygen anion by
forming a 90° Ni—O—Ni bond, shown in Figure S15B, which
is weak according to the Goodenough—Kanamori—Anderson
rules.”” Both Ni** (tzgéegz) and Ni** (tzgsegl) have fully
occupied t,, states and partially filled e, states (Figures S16D
and S17). As shown in Figure S18 (for comparison with the
sDOS), 180° Ni,,;—O—Ni inter-plane SE should be stronger
than the 90° Ni—O—Ni intra-plane SE because of the more
occupied states below the Fermi level. The O anion between
the spin parallel Ni forms a o-bond, and the O anion between
the spin anti—parallel Ni,,;** forms a z-bond (as illustrated in
Figure S19). This 180° Ni,,;—O—Ni SE interaction lowered
the whole system energy, thereby stabilizing Ni,,;*" in the Li-
slab. From the above, we deduced that 180° inter-plane Ni,;—
O—Ni SE interaction is favorable for forming anti-site Li/Ni
defects.

However, introduction of Co can decrease magnetic
frustration, enhance the intra-plane 90° Ni—O-Ni SE
interaction, and screen the inter-plane 180° Nij,,,—O—Co
interaction, which may explain the decrease of Li/Ni mixing by
substitution of Ni with Co.””*"** (see Section S9 and Figure
2C,D). Further replacement of Co with Mn aggravated Li/Ni
mixing, as suggested by the reduction of E; with the increase in
Mn content (Figure 4B), which may be in part because of the
introduction of extra Ni** neighboring Mn cations to increase
magnetic frustration (for charge compensation, see Figure 3G).
In addition, SE interaction may also play an important role in
causing Li/Ni mixing. As shown in Figure 4C (bottom), the t,,
orbital of Mn*" will interact with the p orbital of the O anion to
form a strong 7 bond, leading to weak 90° Mn—O-Ni
interaction in the TM layer. In the meanwhile, there will be
inter-plane 180° Ni,,**—O*"—Mn*" SE interaction (Figure
4D, right), which is much stronger than inter-plane Ni,**—
0*"—Co*" interaction (Figure 4D, middle).

The 90° and 180° SE interactions in LiNi,;Mn,30, were
also depicted by 3D spin electron density maps (Figure S20).
Unlike direct interaction, SE interaction needs the O ion as a
carrier, and its strength is reflected by the spin density of the O
ion. The irrelative strengths are summarized in Figures $20 and
S21 and Table S8. Overall, the weaker intra-plane 90° Mn—
O—Ni SE interaction and the stronger inter-plane 180° Ni,,;—
O—Mn SE interaction compared with Ni, ,—O—Co inter-
action favor the reduction of the E; of the Li/Ni anti-site,
stabilizing the anti-site Ni,,*" and aggravating Li/Ni mixing. It
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also can be found that 90° Ni—O—Ni SE interaction is weak,
whereas 180° Ni—O—Ni SE interaction is strong.

As illustrated in Scheme 1, the Li/Ni ordering involves the
Ni*" migration at octahedral sites (i.e., between Li(3b) sites to
TM(3a) sites), and therefore, the ordering kinetics is
determined by the activation energy for Ni** migration from
Li (3b) sites to TM (3a) sites, eventually, by the local
interaction, notably inter-plane SE and intra-plane magnetic
interactions. Theoretical calculation revealed that Co sub-
stitution released the magnetic frustration in TM-slab and
weakened the 180° Ni—O—TM SE, decreased the repulsion
force to Ni** in TM-slab, and destabilized the Ni** in Li-slab.
Therefore, Co substitution reduced the activation energy
required for Ni** migration from Li (3b) sites to TM (3a)
sites, therefore increasing the Li/Ni ordering kinetics (Figure
1E—H). In contrast, Mn substitution increased the magnetic
frustration in the TM-slab and strengthened the 180° SE,
increased the repulsion force to Ni*" in the TM-slab, and
stabilized the Ni** in the Li-slab. Therefore, Mn substitution
increased the activation energy for Ni** migration from Li-slab
to TM-slab, and decreased the kinetics of Li/Ni ordering
during calcination process (Figure 1E—H).

By using the developed approach, we have also extended the
study to the Cr**-substituted LiCr,Ni,_,O, system. In
LiCr,Ni;_,0,, the magnetic Cr’* with S = 3/2 will replace
not only Ni** with S = 3/2 but also Ni** with S = 2, resulting in
the diminishing of magnetic frustration. Through calculation of
the inter- and intra-plane magnetic interactions in the
LiCr,Ni;_,O, system (Section 10, Figure S22), we found
that the 180° Ni**—O—Cr*>* SE is weaker than the 180° Ni—
O-Ni SE (Figure S23). In addition, because of the
compensation of the charge, Cr*" will form with the increase
in Cr content. However, Cr* could not form 180° SE with
anti-site Ni** (Figure S23). Therefore, the Cr substitution
reduced the average 180° Ni—O—TM SE in LiCr,Ni, O,
system. Briefly speaking, the substitution of Ni by Cr
diminished the magnetic frustration and reduced the 180°
Ni—O—TM SE, thus decreasing the Li/Ni mixing in
LiCr,Ni,_,O,, which is in agreement with the experimental
results.”* This, again, validates the developed approach in this
work that allows explaining the intrinsic role of substitution, of
not only Co/Mn but Cr and potentially other TMs.

In summary, a combination of in situ, ex situ experimental
and theoretical studies revealed the relationship between the
cationic ordering (both kinetics and thermodynamics) and
magnetic interactions (including intra-plane magnetic frus-
tration and inter-plane SE) in the high-Ni LiNi,,Mn,Coq;_,0,
(0 <x<03) system. Co substitution in 3a sites diminishes
the inter-plane 180° Ni,,;—O—Ni SE interaction and relieves
the intra-plane magnetic frustration, thereby reducing the
activation energy for Ni’* migration from Li(3b) sites to
TM(3a) sites, which eventually leads to the increase in the
kinetics of cationic ordering, and low Li/Ni mixing in the final
phase. Further substitution of Mn for Co in 3a sites not only
introduces extra Ni** but also enhances the intra-plane
magnetic frustration, and provides stronger inter-plane 180°
Ni,,;—O—Mn SE interaction, thus increasing the activation
energy for Ni** migration from Li(3b) sties to TM(3a) sites,
reducing the ordering kinetics and aggravating final Li/Ni
ordering. This study demonstrated, for the first time, the
crucial role of magnetic frustration and SE interactions in
determining the local structural ordering of TM oxides, hence
offering new insights into the synthetic design of high-Ni
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cathodes for LIBs and, broadly, TM-based materials for various
applications.
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magnetic resonance; EXAFS, extended X-ray absorption fine
structure; DOS, density of state; NMC712, Li-
Niy ,Mnj ;Co0y,0,; NMC721, LiNiy,Mng,Co4,0,;
NMC71515, LiNiy,;Mng;5C00,505 NM73, LiNiy,Mng;O,;
NC73, LiNiy,Co(30,; XANES, X-ray absorption near-edge
structure
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