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CONSPECTUS: Lithium ion batteries (LIBs) not only power
most of today’s hybrid electric vehicles (HEV) and electric
vehicles (EV) but also are considered as a promising system
for grid-level storage. Large-scale applications for LIBs require
substantial improvement in energy density, cost, and lifetime.
Layered lithium transition metal (TM) oxides, in particular,
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to increase energy densities and lifetime, reduce costs, and
improve safety. In order to further boost Li storage capacity, a
great deal of attention has been directed toward developing Ni-rich layered TM oxides. However, structural disorder as a result
of Ni/Li exchange in octahedral sites becomes a critical issue when Ni content increases to high values, as it leads to a
detrimental effect on Li diffusivity, cycling stability, first-cycle efficiency, and overall electrode performance. Increasing effort has
been dedicated to improving the electrochemical performance of layered TM oxides via reduction of cationic mixing. Therefore,
it is important to summarize this research field and provide in-depth insight into the impact of Ni/Li disordering on
electrochemical characteristics in layered TM oxides and its origin to accelerate the future development of layered TM oxides
with high performance.

In this Account, we start by introducing the Ni/Li disordering in LiNiO,, the experimental characterization of Ni/Li
disordering, and analyzing the impact of Ni/Li disordering on electrochemical characteristics of layered TM oxides. The antisite
Ni in the Li layer can limit the rate performance by impeding the Li ion transport. It will also degrade the cycling stability by
inducing anisotropic stress in the bulk structure. Nevertheless, the antisite Ni ions do not always bring drawbacks to the
electrochemical performance; some studies including our works found that it can improve the thermal stability and the cycling
structure stability of Ni-rich NMC materials. We next discuss the driving forces and the kinetic advantages accounting for the
Ni/Li exchange and conclude that the steric effect of cation size and the magnetic interactions between TM cations are the two
main driving forces to promote the Ni/Li exchange during synthesis and the electrochemical cycling, and the low energy barrier
of Ni** migration from the 3a site in the TM layer to the 3b site in the Li layer further provides a kinetic advantage. Based on
this understanding, we then review the progress made to control the Ni/Li disordering through three main ways: (i)
suppressing the driving force from the steric effect by ion exchange; (ii) tuning the magnetic interaction by cationic substitution;
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(iii) kinetically controlling Ni migration.

Finally, our brief outlook on the future development of layered TM oxides with controlled Ni/Li disordering is provided. It is
believed that this Account will provide significant understanding and inspirations toward developing high-performance layered

TM oxide cathodes.

1. INTRODUCTION

Layered lithium transition metal (TM) oxides, LITMO, (TM
= Ni, Mn, Co, or NiMnCo, x + y + z = 1), have been
extensively studied as important cathode materials for high-
energy-density lithium ion batteries (LIBs)." They adopt the
well-known a-NaFeO, type structure and consist of alternating
layers of Li ions and TM ions separated by oxygen atomic
layers (Figure 1). Ni/Li exchange (or Ni/Li disordering,
wherein Ni occupies 3b sites in the Li layer and Li occupies 3a
sites in the TM layer) usually happens between the Li layer
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and TM layer in these layered TM oxides (Figure 1), not only
during the material synthesis procedure but also during the
electrochemical cycling process.” ™"’

Ni/Li disordering, side reactions between the layered TM
oxides and the nonaqueous electrolyte, surface crystallographic
reconstruction, and cracking of the secondary particle
agglomerates account for degradation mechanisms of layered
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Figure 1. a-NaFeO, type structure of layered NMC materials with
one pair of Ni/Li exchange (left panel) and illustration of the ODH
(oxygen dumbbell hopping) and TSH (tetrahedral site hopping)
types of Li ion diffusion pathways (right panel).

TM oxides as cathodes for LIBs.” >"'~'* In particular, Ni/Li
disordering is not only an intrinsic structure property of
layered TM oxides, which affects nearly all the aspects of
electrochemical performance (the rate performance, dischar%e
capacity, cycling stability, and thermal stability),”>""'*">~"7
but also closely correlated with surface crystallographic
reconstruction and the cracking of the secondary particle
agglomerates.'®™*° Especially in Co-free (or low-Co) and Ni-
rich layered LiTMO,, which has received a great deal of recent
attention, Ni/Li disordering becomes so prominent that it is
often considered to play a kezr role in determining the
electrochemical performance.m_z\ For example, when the Ni/
Li exchange is reduced from 3.2% to 2.6% (only by 0.6%) in
LiNiy,Mng ;5C0,50,°" the discharge capacity is improved
from 162 mAh g~ to 197 mAh g™ at a constant current of 10
mA g~'. Hence, many works have attempted to suppress the
degree of Ni/Li disordering to improve the performance of
layered TM oxides.”*"*** On the other hand, previous works
showed that some degree of disordering can benefit the
structural stability during electrochemical cycling4’26’27 for
layered LiTMO, at high states of charge and the thermal
stability of Ni-rich Li(Ni,Mn,Co,)O, (NMC, x + y + z = 1)."”
From this aspect, a minimum degree of Ni/Li disordering for
Nirich NMC is needed to obtain the best electrochemical
performance.

In this Account, we will first introduce the Ni/Li disordering
in LiNiO, and the experimental characterizations, analyze the
electrochemical impact of Ni/Li disordering in layered TM
oxides, and then discuss the detailed mechanism accounting
for the Ni/Li exchange. Finally, the methods to control the
degree of Ni/Li disordering in layered TM oxides will be
summarized.

2. Ni/Li DISORDERING IN LiNiO, AND
EXPERIMENTAL CHARACTERIZATIONS

Ni/Li disordering was first found in layered LiNiO,, which was
considered as an alternative to LiCoO, because of its lower
cost, higher reversible capacity (ca. 200 mAh g™') and better
environmental compatibility.” As the trivalent oxidation state
for Ni is relatively unstable, there are always divalent nickel
ions leading to the Li;_,Ni,,,O, formula (0.00 < z < 0.20).”
This gives rise to Ni/Li disordering, since the occupation of
Ni*" in the “interlayer” Li 3b site is more favorable than that of
Ni** because of the similar size of Ni** and Li* (ry = 0.56 A,
i = 0.69 A, ri = 0.76 A). With the further development of
Ni/Co and Ni/Mn binary oxides and ternary NMC
compounds, the problem of Ni/Li disordering still exists and
has attracted sustained research interest.”*>
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X-ray diffraction (XRD) is the most widely used approach
for Ni/Li disordering characterization. The ratio of the
integrated intensity of 1(003)/I(104) and the merging of the
(018)r/(110)g pairs are two key parameters reflecting the
degree of the mixing of Ni and Li ions.'”'” If the integrated
intensity of 1(003)/I(104) is <1.2 and the (018)g/(110)y pairs
begin to merge, it means that Ni and Li ion mixing happens.
Rietveld refinement of the collected XRD patterns is usually
conducted to determine the content of Ni at 3b sites. Neutron
powder diffraction is a more powerful technique to determine
the content of Ni/Li exchange directly, and the disordered
arrangement model can be adopted in the Rietveld refine-
ment.” Cationic mixing near the surface of layered LITMO,
particles can be observed by bright field transmission electron
microscopy (TEM) image and the corresponding electron
diffraction patterns, but the content of cationic mixing cannot
be determined.>*’

3. ELECTROCHEMICAL IMPACT OF Ni/Li
DISORDERING

3.1. Impact on the Rate Performance and Discharge
Capacity

Previous studies reported that Ni/Li disordering would impede
the kinetic diffusion of Li ion during electrochemical cycling
for layered LiTMO,, thus affecting the rate capability and
discharge capacity. For example, LiNi,;Mn;sO, shows
surprisingly high capacity (200 mAh g' at C/20) over current
electrode materials at low rates (1C rate = 280 mA g~ '), but
this advantage completely disappears at commercially interest-
ing rates (125 mAh %_1 at 1C),”* due to the high Ni/Li
exchange (about 10%). ° With the content of Ni/Li exchange
decreased to 0.5%, it delivers a discharge capacity of 183 mAh
g”! even at 6C rate. Zhang et al. reported that in
LiNi; 3Mn, ;5Co,,30, an increased amount of Ni/Li disorder-
ing from 1.26% to 2.93% would lead to the diffusion coefficient
of Li ion decreased from 4.4 X 107'° cm?/s to 2.6 X 1071°
cm?/s. 2

In the layered structure for LITMO,, there are two kinds of
Li diffusion pathways (Figure 1):*" one is that Li ions diffuse
from one octahedral site to the next octahedral site by hopping
through the oxygen dumbbell directly, and this is named
oxygen dumbbell hopping (ODH); the other is that Li ions
diffuse from one octahedral site to the next octahedral site by
hopping through a divacancy left by Li diffusion to an
intermediate tetrahedral site with transition metals around it,
and the is named tetrahedral site hopping (TSH). We can see
that the activation barriers of both diffusion paths depend on
not only the electrostatic interaction between Li ion in the
activated state and the TM cations but also the strain effect
(the size of the saddle point of the oxygen dumbbell for ODH
and the size of the tetrahedral site for TSH), leading to the
energy barriers for the ODH path and TSH path ranging from
0.75 to 0.91 eV and from 0.36 to 0.54 €V,”" respectively.

The site-exchanged Ni ions within the Li slabs always show
Ni?* state.’” The antisite Ni** impedes the kinetics of Li
diffusion in the following ways: (i) Because the Li ion
migration in layered LiTMO, is a 2D diffusion and the
pathway is within the Li ion layer, the antisite Ni** would
disrupt the Li ion diffusion path.’’ (ii) The higher charge of
antisite Ni should lead to a stronger electrostatic repulsion of
the migrating Li ions, resulting in a lower Li mobility. (iii) As
described above, the activation energy of both ODH and TSH
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diffusion is closely associated with the strain effect, which is
determined by the c-lattice parameter (Li slab space). Due to
the stronger interaction of O—Ni**—O than that of O—Li*—0,
the antisite Ni** will reduce the Li slab space, resulting in a
higher activation barrier to lithium diffusion.*” According to
the work by Kang et al,, the Li slab space reduces from 2.64 to
2.62 A when 8.3% of Ni/Li exchange happens in
LiNiy sMng 5O,, and this very small change (~0.02 A) results
in a 20—30 meV increase in the activation barrier for the TSH
route™” (Figure 2). (iv) During the first charge, the Ni** ions at
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Figure 2. Calculated activation barrier for Li migration in
Li(NipsMng)O, with 8.3% Ni/Li exchange as a function of the Li
slab space. Adapted with permission from ref 24. Copyright 2006
AAAS.

Li sites are oxidized to smaller Ni** ions. This causes a local
shrinkage around those Ni ions, and therefore it is difficult to
insert lithium ions back into the positions around them,**?*®
which is responsible for first-cycle irreversibility.

3.2. Impact on the Cycling Stability

It was also reported that the Ni/Li disordering affects the
structure stability and the phase transformation during
electrochemical cycling in layered LITMO,.***° For example,
in LiNi; 3Mn, 3Co,/30,, the reversible capacity retention can
be well-maintained as high as 90.3% after 50 cycles at 0.1C for
the sample with Ni/Li disordering of 1.9%, while it is only
50.1% for the sample with Ni/Li disordering of 4.3%.”” The
microscopic mechanisms can be explained in the following
ways: (i) When Ni ions with valence state of 2+, 3+, and 4+
are replaced with Li*, the local Coulombic interaction of the
related TM ions is changed, and the network of superexchange
interactions””****” among the TM ions is also broken due to
lack of localized d-orbital electrons on the antisite Li ions.
Thus, both the Coulombic interaction and superexchange
interaction will give rise to the distortion force and lead to the
anisotropic stress in the bulk structure. Using ab initio
calculations, Yu et al. found a large anisotropic stress of the
unit cell in LiNij 4,Mng 4,Co; 140, with Ni/Li disordering, and
it increases sharply with the increasing Ni/Li disordering,
especially during the delithiation process™ (Figure 3). The
anisotropic stress can be reflected in experiments by
pronounced changes in the c¢/a-ratio determined by XRD
measurement and may result in irreversible crystal structure
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Figure 3. Calculated stress of the unit cell with different contents of
Ni/Li exchange in layered Li(;_,Mng4,Ni4,C0g160,. Adapted with
permission from ref 20. Copyright 2014 Royal Society of Chemistry.

transformation and even cause cracks in the electrode
particles.”” (i) During electrochemical cycling, the antisite
Ni ions would gradually migrate to the particle surface due to
the low energy barrier for Ni*" migration (~0.25 eV), leading
to Ni depletion in the bulk, structural instability, and
consequently cathode voltage and capacity fade."*"”

On the other hand, other studies reported that high
delithiation of layered LiTMO, leads to a very unstable
situation since the lithium layers become increasingly more
depleted to lead to the expansion of Li slab space. The Ni/Li
disordering can mitigate the slab-distance contraction at high
states of charge, stabilize the structure, and prevent collapse,
thus benefiting the structural stability during electrochemical
cycling.4’26’27 For example, Sun et al. reported that in
LiNi; 3Mn, ;;Co,,30,, though the sample with 2.14% of Ni/
Li disordering shows better rate performance than the sample
with 5.61% of Ni/Li disordering, the latter sample shows
slower voltage decay and cagacity fade during long-term
cycling between 4.8 and 2.5 V.”/

3.3. Impact on the Thermal Stability

Interestingly, our recent theoretical work found that Ni/Li
disordering would decrease the thermal stability of the “Ni=
Mn” group NMC."” However, we simultaneously found that
Ni/Li disordering would benefit the thermal stability of Ni-rich
NMC, which also agrees with previous experimental reports on
Ni-rich NMC materials.">'® Because the Ni in the Li layer
would form 180° Ni—O—Ni superexchange chains in Ni-rich
NMC materials, the O ion between the spin parallel Ni forms
o-bonding with one Ni ion and the O ion between the spin
antiparallel Ni forms z-bonding. This would enhance the
thermal stability for Ni-rich NMC materials.

4. THE ORIGIN OF Ni/Li DISORDERING

4.1. Steric Effect of Cation Size

Most previous studies attributed the Ni/Li exchange in layered
TM oxides to the similar size of Ni** and Li*. Figure 4 shows
the AMO, composition (M 3d TM); the ordered
distribution of A* and M>" cation in one (111) plane out of
two of the rock salt type structure (a-LiFeO,) leads to the
formation of the well-known a@-NaFeO, type layered
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3D a-LiFeO,

2D a-NaFeO,

Figure 4. Formation of the layered structure by cation ordering within
the rock salt structure.

structure.”® All NaMO, ternary oxides exhibit such a layered
structure as a result of the large difference in size between Na*
and M cation. The reason can readily be explained by
examining the symmetry of local atomic coordination
structures (LiOg, NaOg, FeOy octahedra) for the a-NaFeO,
and a-LiFeO, structures.”' In the a-NaFeO, structure, the Li-
or M-centered octahedra are perfect with all Li—O or M—O
bond distances being equal. In the a-LiFeO, structure, the Li-
centered octahedra are coordinated to four O anions of equal
distance from the center, plus two O anions slightly farther
away, and the M-centered octahedra are coordinated to two O
anions of equal distance from the center, with four more O
anions slightly farther away. Atomic relaxation is therefore
more efficient in the a-NaFeO, structure because the M—O
and Li—O bond distances in the a-NaFeO, structure can relax
independently of each other, whereas in the a-LiFeO,
structure the relaxation of one set of Li—O or M—O distances
will tend to interfere with the relaxation of the other set of Li—
O or M—O bond distances (Figure 5). Thus, when the Li* and
M3* cations are of different sizes, the a-NaFeO, structure is
favored because of a more effective relaxation mechanism.

In reality, the 2D order is only observed for M =V, Cr, Co,
or Ni, while for the other 3d cations (M = Ti, Mn, and Fe),
which exhibit a larger ionic radius than those mentioned above,
the difference in size in comparison with Li is not strong

;\%47{4 %7]4

a— NaFeO,
a— LiFeO,

Figure S. Relaxation mechanisms in the @-NaFeO, and a-LiFeO,
structures. The yellow, green, brown, and red balls denote Na, Li, Fe,
and O, respectively.
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enough to induce the 2D order.”® These results concern only
stable materials prepared at high temperature. Though layered
LiMnO,*** and rhombohedral LiFeO, (R3m)* can be
obtained by exchange from the parent sodium phases, they
are metastable and their structure turns into the classical 3D
one when heated above 300 °C. This structural classification
clearly shows that the driving force of the ordering comes from
steric interactions and not from electrostatic ones. Thus, for
LiCoO,, the 2D structure is very stable without cationic
disorder. For the nickel system, the tendency to order is
lowered as a result of the small difference in size between Ni
and Li ions.

4.2. Magnetic Interactions

Previous studies including our work found that superexchange
interactions exist among transition metals and may grovide a
new driving force in tuning the Ni/Li disordering.’”**~* In
the TM layer, due to the unpaired electrons in d orbitals, TM
cations will form 90° intraplane superexchanges with
neighboring TM cations via a bridged O anion. When Ni/Li
exchange happens, the antisite Ni*" easily forms interplane
180° (linear) superexchanges with TM cations in the TM layer
(Figure 6) via the o bond formed between the e, orbital of the

(a) Q%;QDO Q)@ CQ@
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Figure 6. (a) The structure model for layered LITMO, with one pair
of Ni/Li exchange. (b) Illustration of the intraplane 90° super-
exchange interaction between TM cations in the TM layer and the
interplane 180° superexchange interaction between the Ni at the Li
site and the TM cations in the TM layer. (c) The ion environment of
the antisite Li in the TM layer. Adapted with permission from ref 32.
Copyright 2017 American Chemical Society.

antisite Ni** and the p orbital of O*". Due to the stronger ¢
bond, the 180° magnetic interactions are always stronger than
the 90° interactions.”®*” In NMC materials with pure Ni*',
Ni** has the tendency to exchange with Li to form strong linear
Ni**—0*"—Ni**/Mn*" superexchange, while in NMC materi-
als with mixed valence states of Ni**/Ni**, Ni** has the priority
to exchange with Li and changes to a Ni** state with a spin-flip,
to form strong linear Ni**—0>"—Ni?*/Mn*" superexchanges.””
Thus, the strong interlayer linear Ni**—0*"=Ni**/Mn*
superexchange provides an important driving force for Ni/Li
exchange. Due to the absence of unpaired electron in the
electronic configuration of Co®* (tggeg), the interlayer linear
Ni**—0*"—Co®" superexchange with the antisite Ni** is very
weak, and the Co®" can screen the 180° Ni>*—0* —Ni**/Mn**
interlayer linear superexchange interactions and thus effectively
reduce the concentration of Ni/Li exchange. Adding Mn*" has
been shown to be effective in improving the thermal stability
but may aggravate the Ni**/Li" disordering because equivalent
amounts of Ni** ions are introduced for charge compensa-

tion.”” Furthermore, by performing neutron powder diffraction
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experiments and magnetization measurements, we found the
existence of strongly frustrated magnetic interactions between
spins of TM ions via the intraplane superexchange interactions
within the TM layer™ (Figure 7). As frustration will inevitably

© Ni/Mn/Co

@ L
e o

b

Figure 7. Illustration of a pair of Ni/Li exchange and arrangement of
magnetic moments in the TM layer of the triangular lattice. J1
denotes the intraplane superexchange interaction, and J2 and J3
denote the interplane superexchange interactions. Adapted with
permission from ref 29. Copyright 2018 Elsevier.

give rise to lattice instability,"’ the Ni/Li exchange in NMC
will help to partially relieve the degeneracy of the frustrated
magnetic lattice by forming a stable antiferromagnetic state in
the hexagonal sublattice with nonmagnetic ions (Li*) located
in centers of the hexagons. Moreover, Ni/Li exchange will
introduce interlayer linear superexchange interaction, which
further relieves the magnetic frustration through bringing in
new exchange paths. The addition of nonmagnetic Co** also
can act as an ingredient to relieve magnetic frustration by
forming a nonmagnetic center on a honeycomb lattice unit so
that the surrounding TM spins can be stabilized in an
antiferromagnetic arrangement.

4.3. Kinetic Advantage

The low energy barrier for the migration of Ni** is also
believed to further provide a kinetic advantage for the Ni/Li
exchange. Previous theoretical studies show that the energy
favorable pathway for Ni migration from the TM layer to Li
vacancy in the Li layer is through a nearest neighbor
tetrahedral site via the face it shares with the neighboring
octahedron (named as O,—T4—0,)."* Using ab initio
calculations, Kim et al. reported that the energy barrier for
Ni** migration along the O,—T4—Oy, path in Li(Ni,_,Co,)O,
is 0.598—0.303 eV during delithiation (from 100% Li to 0%
Li),* which is comparable to the Li ion migration barriers in
NMC materials (Figure 8). By contrast, the Co migration
barrier in Liy ;CoO, is 1.6 eV. The above results also show that
the delithiation process (or the Li loss) will facilitate the Ni**
migration. In addition, they also found that the O loss (during
electrochemical cycling or in high temperature processing) will
further promote the Ni*" migration from the TM layer to Li
layer by providing a new migration pathway of O,(Ni) — Vg
site. > Ou(Li) (Vo denotes O vacancy), with similar
probabilities for Ni migration in the Li 100% and Li 50%
configurations to the O,—T4—Oy path (Figure 8). Recently,
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Figure 8. Migration routes of Ni ions to Li sites in the layered
structure for (a) the O, — T4 — O, route and (b) the O, — Vj site
— Oy, route and the corresponding energy barriers. Reproduced with
permission from ref 49. Copyright 2011 American Chemical Society.

using in situ multimodal synchrotron X-ray techniques, we
revealed the dissociation of OH™ from Ni(OH), octahedra
leading to asymmetric NiOg_, octahedra, and finally the
oxidation and symmetry reconstruction of NiOg_, octahedra
resulting in NiOg4 octahedra during synthesis of high-Ni NMC
materials®” (Figure 9), which played a crucial role in governing
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Figure 9. Illustration of Ni/Li ordering coupled to reconstruction of
NiOg¢ during the topotactic transformation from hydroxides to the
layered structure. Adapted with permission from ref 50. Copyright
2018 American Chemical Society.

the reaction pathway and the associated Ni/Li mixing/
ordering processes. This can be attributed to the very low
activation energy for Ni** migration under the symmetry
breaking of NiOg4 octahedra.

5. THE CONTROL OF Ni/Li DISORDERING

Based on above understandings, the methods to control the
Ni/Li disordering can be summarized as follows.

5.1. Suppressing the Driving Force from the Steric Effect

For the AMO, composition, if the A* (A = alkali metal) and
M3* cations are approximately the same size, the Coulombic
interactions should dominate and the a-LiFeO, structure will
be stable, whereas if the A" and M>" cations are of different
sizes, atomic relaxations will favor the a-NaFeO, structure.
Thus, Kang et al. proposed a method to reduce the degree of
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Ni/Li disordering in LiNiysMn, O, by preparing it via ion
exchange from NaNijsMn,0,.”* NaNijsMn, 0, exhibits no
disorder because of the larger size difference between Na* (ry,*
=1.02 A) and Ni** (ry = 0.69 A) and Mn** (ry;,» = 0.53 A).
LiNig sMn, O, prepared via ion exchange from Na-
NiysMn, 5O, exhibits greatly improved rate capability,
delivering 183 mAh g™ at a 6C rate.

5.2. Cationic Substitution

As we discussed, the addition of Co in layered LiTMO, can
reduce the Ni/Li disordering by screening the 180° Ni**—
O® — Ni**/Mn*" interlayer linear superexchange interactions
and relieving magnetic frustration.®> Other transition metals
without unpaired spins at the valence state in layered materials
could play the same role as Co. For examples, Ti*" and Ir**
without unpaired spins would play the same role as Co in
layered materials. Actually, the metals that could play the same
role as Co can be extended to other nontransition metals, such
as AI’*, because they also do not have unpaired spins. AI**
substituting TM metals would also suppress the Ni/Li
exchange, as demonstrated by a previous theoretical study
that compared it with LiNi;,;;Co;/3Mn,;,;0,; the formation
energy of Ni/Li exchange in LiNi, 3Co,/3Al; /50, is increased
from 0.57 to 1.14 V.

Reducing the content of Ni*" can also suppress the Ni/Li
disordering, which can be realized by substitution of TM
cations with metals of low valence states. Taking the Li-excess
layered TM oxides, for example, when part of the TM cations
are substituted with Li*, oxidation of a TM ion is needed to
maintain the charge neutrality.””>> The metal element that is
oxidized is the nickel, because the oxidation of Ni** is
energetically more favorable than that of Mn** and Co®". Thus,
the content of Ni?* is reduced, as well as the Ni/Li exchange. It
is reported that in Li;,,(NMC),_,O, (x = 0.02, 0.04), the
concentration of Ni** 3b ions is lower than 2%.>

5.3. Tuning the Thermodynamic and Kinetic Conditions
and Surface Reactions during Synthesis

As Ni/Li disordering usually happens during the material
synthesis procedure, tuning the thermodynamic and kinetic
conditions during synthesis is critical to controlling the desired
degree of Ni/Li disordering in layered LiTMO,, especially in
the presence of high Ni content. Such approaches include
tuning the temperature and holding time during heat treatment
in the synthesis process.”””?” Using time-resolved in situ
high-energy XRD (HEXRD) and X-ray absorption spectros-
copy (XAS), Wang et al. by carefully tuning heating
temperature and holding time obtained highly ordered
LiNi, ,;Mn,5Coy 50, with excellent electrochemical perform-
ance” (Figure 10). During the preheating process, oxidation
to TMs had already occurred, bringing Co and Mn to the
highest oxidation states (i.e., Co** and Mn**), and Co and Mn
will be first stabilized in the TM layer. When the heat
treatment was increased to 850 °C, further oxidation of Ni and
structural ordering in the material is triggered. The antisite
Ni*" in the Li layer is oxidized to Ni**, which will migrate from
the 3b site to the 3a site as Ni’* favors the 3a site in the TM
layer thermodynamically. It should be noted that if the heating
temperature is continuously increased to higher values to
provide activation energy (E;) for the disordering, the Ni/Li
disordering process would be promoted. Moreover, under real
synthesis conditions, the serious Li/O loss at higher temper-
ature will also further promote this Ni/Li disordering process
by improving the kinetic advantage of Ni** migration from 3a
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Figure 10. Tuning thermodynamic and kinetic parameters to control
the Ni/Li ordering in high-Ni layered NMC materials. Adapted with
permission from ref 21. Copyright 2017 Wiley.

to 3b sites. Thus, from the view of thermodynamics and
kinetics, lower heating temperature and longer holding time is
beneficial to the ordering of final products once the
temperature is high enough to drive the ordering process.
The longer holding time will degrade the kinetics of Ni*"
migration from the 3a site to 3b site by slowing the Li/O loss
during sintering.

Our recent work indicates that surface reactions have
significant impacts on the cationic ordering/disordering
kinetics in the bulk for Ni-rich NMC.>* The reaction between
atmospheric CO, and the raw material (LiOH) forms Li,COj;
on the particle surfaces during the synthesis process. Sufficient
sintering temperatures are needed to provide enough driving
force for the oxidation of antisite Ni** to Ni** as well as
Li,CO; decomposition, leading to the migration of antisite
Ni** back to the TM layer and more Li diffusion from the
surface to the bulk to occupy the 3b sites during the synthesis
process. Thus, little residual LiOH and Li,CO; would be
formed on the particle surface. Insufficient sintering temper-
atures would lead to more Ni/Li exchange (more Ni**) and
more residual LiOH and Li,CO; formed. However, if the
sintering temperature is too high, the rate of Li/O loss will be
greatly accelerated to promote the Ni/Li exchange.

6. CONCLUSIONS AND PERSPECTIVES

Controlling the degree of Ni/Li disordering is an effective way
to further improve the performance of layered LiTMO, and
has attracted increasing attention. The steric effect of the
cations and the interlayer linear superexchange interactions
between TM cations and antisite Ni** provide the driving
forces to promote the Ni/Li exchange during the synthesis
procedure and the electrochemical cycling, and the low energy
barrier of Ni** migration from the 3a site in TM layer to 3b site
in Li layer further facilitates the Ni/Li exchange kinetically.
Moreover, the delithiation (Li loss) and O loss in the lattice of
layered LiTMO, would lower the energy barrier for Ni*
migration and introduce extra migration pathways to further
enhance the kinetic advantage of Ni** migration. Based on
current understanding of the formation process of Ni/Li
exchange and the related mechanism, feasible ways for
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controlling the Ni/Li disordering in layered LiTMO, are
identified.

It should be noted that as mentioned in the second part, a
few studies including our work reported that though the Ni/Li
disordering adversely affects diffusion of Li ions, proper
content of Ni/Li disordering benefits the thermal stability and
the cycling stability of Ni-rich NMC materials. Thus, what
degree of the Ni/Li disordering should be balanced to obtain
the best electrochemical performance should be clarified in
future works for the development of Ni-rich NMC materials.

This Account shows that though the interlayer linear
superexchange interactions between TM cations promote the
Ni/Li exchange, they can enhance the thermal stability by
stabilizing the lattice O ions in Ni-rich NMC materials. In
future works, we can find other doping elements to perform
the same role as Co to suppress the interlayer linear
superexchange interaction to control the Ni/Li disordering,
which gives ideas to develop low-cobalt or cobalt-free layered
compounds. In addition, finding other elements with large size
and unpaired 3d electrons doped at the 3b sites in the Li layer
would be interesting, such as Zr** (ref 30). Different from the
antisite Ni*", this doped element with large size can increase
the Li slab space to facilitate the Li ion diffusion. Moreover, the
unpaired 3d electrons of the doped element would also form
interlayer linear superexchange interactions with TM cations in
the TM layer to stabilize the lattice O, thus benefiting the
thermal stability.

Our studies show that cationic ordering is highly coupled to
the reconstruction of octahedra upon formation of the layered
phase, and due to the high diffusivity of Ni in the symmetry-
broken NiOg octahedra, serious Ni/Li mixing occurs. Findings
from this study highlight the vital importance of tuning the
symmetry of NiOg octahedra during synthesis of high-Ni
layered oxides of high structural ordering. Meanwhile, more
experiments should be attempted to find the best the
temperature and holding time during heat treatment in the
synthesis process, which should balance the thermodynamic
and kinetic conditions and surface reactions to control the Ni/
Li disordering.

Finally, developing Li-excess layered TM oxides has
attracted great interest recently due to the high reversible
capability. As we discussed, the Li-excess can suppress the Ni/
Li disordering by reducing the Ni** content, so the Li-excess
layered TM oxides will not suffer the problem of Ni/Li
disordering. The biggest problem of Li-excess layered TM
oxides is the O loss during the delithiation process with anionic
redox. The antisite Ni** can form strong interlayer linear
superexchange interactions with the Mn*" in the TM layer to
enhance the stability of lattice O. Thus, proper content of
antisite Ni** in the Li-layer is also needed to develop Li-excess
layered TM oxides.
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