
This document is being made freely available by the Eugene McDermott Library
of The University of Texas at Dallas with permission from the copyright owner. All

rights are reserved under United States copyright law unless specified otherwise.

Erik Jonsson School of Engineering and Computer Science

©2016 The Owner Societies. All Rights Reserved.

Citation:

Lim, J. -M, D. Kim, M. -S Park, M. Cho, et al. 2016. "Underlying mechanisms of the
synergistic role of Li₂MnO₃ and LiNi_{1/3}Co_{1/3}Mn_{1/3}O₂ in high-Mn, Li-rich
oxides." Physical Chemistry Chemical Physics 18(16), doi: 10.1039/C6CP00088F



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 11411--11421 | 11411

Cite this:Phys.Chem.Chem.Phys.,

2016, 18, 11411

Underlying mechanisms of the synergistic role
of Li2MnO3 and LiNi1/3Co1/3Mn1/3O2 in high-Mn,
Li-rich oxides†

Jin-Myoung Lim,a Duho Kim,a Min-Sik Park,bc Maenghyo Cho*a and
Kyeongjae Cho*ad

For large-scale energy storage applications requiring high energy density, the development of Li-rich

oxides with enhanced cyclic stabilities during high-voltage operations and large specific capacities is

required. In this regard, high-Mn, Li-rich oxides (HMLOs; xLi2MnO3 (1 � x)LiNi1/3Co1/3Mn1/3O2 at x 4 0.5)

warrant an in-depth study because of their good cyclic performance at high operating voltages and

potentially large specific capacities. Here, to understand the synergistic effects and enhanced cyclic

stability of HMLOs, mechanically blended HMLO (m-HMLO) and chemically bonded HMLO (c-HMLO)

were prepared and investigated. c-HMLO exhibits relatively high reaction voltages, large specific

capacities, and enhanced cyclic stabilities (B99%) at a high operating voltage (B4.8 V vs. Li/Li+)

compared with m-HMLO. First-principles calculations with electronic structure analysis were performed

using an atomic model developed by Rietveld refinement using as-synthesised c-HMLO. The redox

mechanisms of Ni, Co, and Mn ions were determined via the partial density of states of the ground

states predicted using the cluster expansion method, which elucidates that LiNi1/3Co1/3Mn1/3O2 stabilises

the transition metal (TM) layer of Li2MnO3 and separates Li delithiation potentials in Li2MnO3 in the

HMLO. Kinetic analyses including electronic structures revealed that the interlayer migration of TMs from

the TM layer to the Li layer depends on the crystal field stabilisation. Thus, TMs with reduced character in the

tetrahedral sites than the octahedral sites owing to the effects of crystal field stabilisation, such as Ni ions,

in HMLOs would face a higher interlayer migration barrier, impeding phase transformation into spinel phases.

Furthermore, Cu ions could constitute a doping source for HMLOs to improve the material’s cyclic stability

through this mechanism. These characteristics may be widely applied to explain experimental phenomena

and improve the properties of cathode materials for Li-ion batteries.

1. Introduction

Li-ion batteries (LIBs) have played an important role in small-
scale energy-storage applications for several decades, and the
demand for large-scale energy-storage applications ranging
from electric vehicles (EVs) to energy-storage systems (ESSs)

is rapidly increasing.1 To satisfy these demands, most LIB
research has been focused on high-energy-density materials
with large capacities and high operating voltages.2 Especially,
because of this reason and remarkable progress made in solid
electrolytes, high-voltage cathodes with high energy densities
have been studied despite the occurrence of electrolyte decom-
position above the electrochemically stable window.3,4

Li-rich oxides5,6 have been identified as promising cathodes
in this regard because of their large specific capacity of
B250 mA h g�1 at voltages as high as B4.8 V vs. Li/Li+.
Unfortunately, these materials have notable limitations such
as poor cyclic performance.7,8 Although extensive research has
been performed to understand the fundamental mechanisms9–21

and improve the electrode characteristics through elemental doping
and morphology control,22–24 this poor cyclic stability has not yet
been overcome. Therefore, to develop high-energy-density cathodes,
the phase-transformation challenges related to poor cyclic stability
at high operating voltages must be resolved.
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In this context, high-Mn, Li-rich oxides (HMLOs)–xLi2MnO3�
(1 � x)LiNi1/3Co1/3Mn1/3O2, where x exceeds 0.5, warrant
in-depth investigation. Several studies have reported that
HMLOs exhibit relatively good cyclic performance and high
rate capabilities compared to low-Mn, Li-rich oxides (LMLOs),
in which x o 0.5.25,26 To overcome the voltage-fading challenge
faced by HMLOs, detailed experimental studies on structural
and chemical evolution20,27 and surface modification28 have
been performed. However, the fundamental correlation between
the synergistic effects, such as enhanced cyclic stability, and the
role of each TM element in Li2MnO3 and LiNi1/3Co1/3Mn1/3O2

(NCM) have not been clearly elucidated. Especially, it could be
hard to understand that a large amount of inactive Li2MnO3

causing a severe phase transformation and a small amount of
NCM result in an improved cyclic ability with relatively high
specific capacities during high-voltage operations. Several
groups reported that the cyclic degradations are mainly attri-
buted to the spinel phase and rock-salt phase transformation
through the interlayer migration of TM.29–32 Therefore, to under-
stand the improved phenomena of HMLOs, the underlying
mechanisms of the impeded interlayer migration of TM with
regard to the synergistic role and effects of Ni, Co, and Mn ions
in HMLOs ought to be identified.

In this work, the synergistic role and effects of Li2MnO3 and
NCM were studied by investigating both mechanically blended
HMLO (m-HMLO) and chemically bonded HMLO (c-HMLO)
with the following composition: 2/3Li2MnO3�1/3LiNi1/3Co1/3Mn1/3O2

(Li1.67Ni0.11Co0.11Mn0.78O2.67). The electrochemical experiments
clearly confirmed that c-HMLO exhibited better cyclic stabilities,
higher reaction voltages, and larger specific capacities than
m-HMLO. For a fundamental understanding of this synergistic
effect between Li2MnO3 and LiNi1/3Co1/3Mn1/3O2, first-principles
calculations based on the HMLO atomic model developed by
Rietveld refinement of the X-ray diffraction (XRD) pattern of
as-synthesised c-HMLO powder were performed. Based on
the established ground states determined using the cluster
expansion method (CEM), the redox reaction mechanisms of
Mn, Co, and Ni ions in the HMLO system were investigated to
gain insight into the observed electrochemical improvements.
Combining the electronic analyses with kinetic calculations to
investigate the enhanced cyclic stability revealed that unlike
Mn and Co ions with oxidised character, Ni ions exhibit a
reduced character during migration from the TM layer to the Li
layer because of the crystal field stabilisation, which results in
the oxidation of the surrounding O ions. Hence, the entire
structure becomes unstable and exhibits a higher energy state
during migration; the migration barrier of Ni ions increases,
thereby impeding the phase transformation of the HMLO
system. Finally, based on the mechanism described above, Cu
ions were investigated as a promising doping source for the
HMLO system, revealing that these species also exhibit a
reduced character and face a high migration barrier.

Based on these findings, the kinetic characteristics related
to the phase transformation were clearly elucidated with regard
to crystal field stabilisation, which could explain the enhanced
cyclic stability observed in the electrochemical experiments.

These fundamental insights could contribute to the development
of improved design concepts for Li-rich oxides.

2. Experimental
2.1 Synthesis

Both m-HMLO and c-HMLO were prepared using the high-
temperature phase of Li2MnO3 and commercialised
LiNi1/3Co1/3Mn1/3O2 (ECOPRO).33 The high-temperature phase
of Li2MnO3 was synthesised via a solid-state method. Stoichio-
metric amounts of LiOH�H2O (98%, Sigma Aldrich) and MnCO3

(Z99.9%, Sigma Aldrich) were dissolved in de-ionised water,
followed by stirring for 1 h at room temperature. The temperature
was then increased to 80 1C and maintained for 24 h. After
additional drying, the dried powder was calcined at 850 1C for
40 h in air. m-HMLO was prepared by mixing as-synthesised
Li2MnO3 and commercialised LiNi1/3Co1/3Mn1/3O2 using a plane-
tary mill (Pulverisette 5, Fritsch) in the presence of ethyl alcohol
at 350 rpm for 10 h. c-HMLO was prepared by sintering the
m-HMLO at 900 1C for 10 h in air.

2.2 Characterisation

The as-prepared m-HMLO, c-HMLO, Li2MnO3, and
LiNi1/3Co1/3Mn1/3O2 powders were characterised using XRD
(Empyrean PANalytical) equipped with Cu-Ka radiation (l =
1.5418 Å) in the 2y range of 10–801. Rietveld refinements of
the collected XRD patterns were carefully performed using
High-Score Plus software. The particle sizes and morphologies
of the as-prepared powders were examined using field emission
scanning electron microscopy (FESEM; JEOL JSM-7000F). Scanning
transmission electron microscopy (STEM; JEOL ARM-200F) coupled
with energy dispersive X-ray spectroscopy (EDS) was utilised to
confirm the microstructure and identify the particle distributions
of the mechanically blended m-HMLO and the chemically bonded
c-HMLO.

2.3 Electrochemical measurements

The electrode was prepared using a cathode slurry containing the
active materials (80 wt%), a conducting agent (Super-P, 10 wt%),
and a binder (PVDF, 10 wt%) dispersed in an N-methyl-2-
pyrrolidone (NMP) solution. Al foil was coated with the cathode
slurry, dried at 80 1C for 2 h, and then further dried overnight
at 100 1C under vacuum. CR2032 coin-type half cells were
assembled in a dry room with Li metal as the counter and
reference electrodes, a porous polyethylene (PE) membrane
as the separator, and 1.15-M LiPF6 in ethylene carbonate
(EC)/ethylmethyl carbonate (EMC) (3 : 7 by volume) as the
electrolyte (PANAX ETEC Co. Ltd). The loading amount of active
materials and electrode density were fixed at 3.9 mg cm�2 and
1.0 g cc�1, respectively. A MACCOR 4300 K galvanostat was used
for galvanostatic charge and discharge electrochemical tests.
The cycles were performed over a voltage range of 2.0 to 4.8 V
vs. Li/Li+ at a current density of 25 mA g�1 at room temperature.
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2.4 Calculations

For theoretical investigations, density function theory (DFT)
calculations with a spin-polarised generalised gradient approxi-
mation (GGA) using the parameterised exchange correlation
functional according to Perdew–Wang 9134 were performed
using the Vienna Ab Initio Simulation Package (VASP),35 which
implemented a plane wave basis set and the projector-augmented
wave (PAW) method. To calculate reasonable electrochemical and
electronic properties by considering the strong correlation effect
on the 3d-orbital electrons in TMs, the Hubbard U correction was
utilised, where the U values (5.0 eV for Mn4+, 4.64 eV for Mn3+,
6.7 eV for Ni3+, 4.91 eV for Co3+, and 9.0 eV for Cu2+) were selected
based on several previous reports.21,36,37 As essential computa-
tional parameters for the DFT calculations, a cut-off energy of
500 eV for the plane wave basis function and the k-point meshes of
4 � 2 � 4 and 6 � 4 � 6 were utilized. All calculations were
performed based on fully relaxed structures. The net charge used
in this study was calculated via Bader charge analysis,38 and the
migration barriers were estimated using the climbing-image
nudged elastic band (CINEB) method.39

The ground structures with different configurations at each
Li concentration were estimated via CEM, where the effective
cluster interaction (ECI) coefficients were derived from DFT-
calculated energies as follows:40–42

ECEMðjÞ ¼
X
s

msJs
Y
i2s0

ji

* +
(1)

where Js is an ECI coefficient corresponding to a cluster s, and
j is a configuration with occupation variables of +1 for Li and
�1 for vacancy at Li sites. s0 is a cluster that is equivalent to
cluster s in terms of crystal symmetry, and ms indicates multi-
plicities in the number of clusters equivalent in terms of their
crystal symmetry. In this calculation, 16 ground states were
evaluated by predicting the energies of all 32 768 possible
configurations based on DFT calculations for 621 configurations
with various Li concentrations. As described in Fig. S10 (ESI†), the
root mean square error of this CEM prediction is 0.102%. This
approach combined with CEM and the first-principles has been
demonstrated and applied to intercalation compounds.43–52

3. Results and discussion
3.1 Materials characterisation

To fundamentally understand the differences between HMLOs
and the existing TM layered oxides (LiNi1/3Co1/3Mn1/3O2 and
Li2MnO3) and to elucidate the synergistic effects between inactive
Li2MnO3 and LiNi1/3Co1/3Mn1/3O2, m-HMLO with chemically
separated phases and c-HMLO with chemically bonded phases
were prepared as described in Fig. 1. Fig. 1a presents the XRD
patterns of m-HMLO (black line) and c-HMLO (red line) powders,
and the insets show the enlarged superlattice peaks indexed
to (020) and (110) planes from 201 to 241, which were mainly
contributed by the Li2MnO3 phase. Because of the formation
of the chemically bonded phase of c-HMLO during synthesis,
the XRD pattern of c-HMLO shows sharper peaks than that of

m-HMLO, including the superlattice peaks. Fig. S2a and b (ESI†)
present FESEM images of m-HMLO and c-HMLO, respectively.
As a result of the ball mill process implemented using the
planetary mill, the m-HMLO particles (Fig. S2a, ESI†) are generally
smaller and sharper than the c-HMLO particles (Fig. S2b, ESI†).
The c-HMLO particles appear to have grown because of the
post-heat treatment. To gain further insights into these
prepared powders, not only the XRD patterns of c-HMLO,
m-HMLO, LiNi1/3Co1/3Mn1/3O2 (ECOPRO), as-synthesised Li2MnO3,
LiNi1/3Co1/3Mn1/3O2 (ICSD 171750), and Li2MnO3 (JCPDS 84-1634),
but also FESEM images of LiNi1/3Co1/3Mn1/3O2 (ECOPRO) and
as-synthesised Li2MnO3 were also obtained and are shown in
Fig. S1, S3, and S4 (ESI†).

Fig. 1 (a) Powder XRD patterns of m-HMLO (black solid line) and c-HMLO
(red solid line). Enlarged insets represent superlattice peaks indexed to
the (020) and (110) planes from 201 to 241. (b and c) STEM images of
as-prepared m-HMLO with EDS elemental mapping of Mn (green), O
(cyan), Ni (purple), and Co (red) and corresponding SAED patterns for
Li2MnO3 with a zone axis of [010] (inset of b) and LiNi1/3Co1/3Mn1/3O2 with
a zone axis of [0001] (inset of c). (d and e) STEM images of as-prepared
c-HMLO with EDS elemental mapping of Mn (green), O (red), Ni (yellow),
and Co (cyan) at low magnification (d), and STEM image of c-HMLO at high
magnification (e) with the corresponding FFT pattern and a zone axis of
[010] (inset of e).
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In addition to the particle sizes and morphologies of the
HMLOs, the elemental compositions of Ni, Co, and Mn were
evaluated by FESEM coupled with EDS. Fig. S5 (ESI†) shows the
FESEM images and corresponding EDS patterns of m-HMLO at
two different locations; the average atomic composition of Ni,
Co, and Mn was determined to be 0.14 : 0.13 : 0.73. Fig. S6 (ESI†)
presents the FESEM images and corresponding EDS patterns of
c-HMLO at two different regions; the average atomic composition
of Ni, Co, and Mn was estimated to be 0.12 : 0.12 : 0.76. Taking
into account the errors associated with EDS analysis based on
FESEM, the compositions of the as-synthesised m-HMLO and
c-HMLO are acceptable compared to the target composition of
0.11 : 0.11 : 0.78.

For in-depth structural characterisation of the as-prepared
m-HMLO and c-HMLO materials, STEM analysis coupled with
EDS was performed, as described in Fig. 1b–d, and Fig. S7
(ESI†). Fig. 1b and c show the images collected via STEM with
EDS for separated Li2MnO3 and LiNi1/3Co1/3Mn1/3O2 phases. In
addition to the STEM with EDS analyses described above, the
corresponding SAED patterns of both the Li2MnO3 (inset of
Fig. 1b) and LiNi1/3Co1/3Mn1/3O2 (inset of Fig. 1c) phases were
investigated to determine whether the separated phases main-
tained their unique crystal structures. The inset of Fig. 1b
shows the SAED pattern of the Li2MnO3 phase with a C2/m
structure and a zone axis of [010], whereas Fig. 1c focuses on
the LiNi1/3Co1/3Mn1/3O2 phase, and the inset of Fig. 1c presents
the SAED pattern of the LiNi1/3Co1/3Mn1/3O2 phase with a R-3m
structure and a zone axis of [0001]. Based on Fig. 1b and c, m-HMLO
is confirmed to consist of a mechanically blended (chemically
separated) powder of the Li2MnO3 and LiNi1/3Co1/3Mn1/3O2 phases.

By contrast, Fig. 1d shows the images collected via STEM
with EDS of the c-HMLO powder. Here, the chemically bonded
particles can be clearly identified in the low-magnification
STEM images with uniformly distributed EDS mapping data
for Ni, Co, and Mn. To confirm the detailed crystal structure of
the chemically bonded c-HMLO in Fig. 1d, STEM images with
higher magnifications were compared with the fast Fourier
transform (FFT) image shown in Fig. 1e. Fig. 1e reveals fine
atomic arrangements with crystallinity, and the inset of Fig. 1e
presents the FFT pattern, which indicates a C2/m crystal
structure with a zone axis of [010]. Therefore, Fig. 1d and e
confirm that the as-prepared c-HMLO consists of chemically
bonded Li2MnO3 and LiNi1/3Co1/3Mn1/3O2 phases with a C2/m
crystal structure.

3.2 Enhanced cyclic stability with improved electrochemical
performance

Galvanostatic charge–discharge experiments were performed to
characterise the electrochemical behaviours of m-HMLO and
c-HMLO, as shown in Fig. 2. Fig. 2a and b present the charge–
discharge profiles of m-HMLO and c-HMLO with a constant
specific current of 25 mA g�1 in the voltage range of 2.0 to 4.8 V
vs. Li/Li+ at the 1st, 2nd, and 20th cycles. Comparing Fig. 2a and
b reveals that the electrochemical reaction voltages of c-HMLO
are higher than those of m-HMLO from the initial charging
process at the 1st cycle. Additionally, the specific capacities of

c-HMLO are much larger than those of m-HMLO. To examine
and compare the reaction voltages of m-HMLO and c-HMLO in
greater detail, the corresponding differential capacity (dQ/dV)
curves at the 1st and 20th cycles are shown in Fig. 2c. The upper
graph of Fig. 2c shows that the first charge process of c-HMLO
(red dashed line) starts at approximately 4.0 V vs. Li/Li+,
whereas that of m-HMLO (black solid line) starts at approxi-
mately 3.65 V vs. Li/Li+. Similarly, at the 20th cycle, the reaction
voltages of c-HMLO are generally higher than those of
m-HMLO.

The cyclic performances of m-HMLO (black circle) and
c-HMLO (red circle) over 50 cycles were also determined, as
shown in Fig. 2d. Discharge cyclic performance of c-HMLO is
enhanced compared with that of m-HMLO. The first discharge
capacity of m-HMLO (black filled circle) is 81.96 mA h g�1, and
it decreases to 50.54 mA h g�1 in the 50th cycle, where the
discharge capacity retention is approximately 62%. In the case
of the discharge process (red filled circle) of c-HMLO, the
discharge capacity gradually increased from 124.10 mA h g�1

to 175.27 mA h g�1 at the initial cycles induced by the electro-
chemical activation, which is also maintained at 174.33 mA h g�1

in the 50th cycle, where the discharge capacity retention is
approximately 99%. This enhanced cyclic stability of c-HMLO
at a high operating voltage is considered to be a synergistic effect
of Li2MnO3 and LiNi1/3Co1/3Mn1/3O2 in HMLOs because Fig. S8
and S9 (ESI†) show that the cyclic performances of Li2MnO3 and
LiNi1/3Co1/3Mn1/3O2 gradually decrease as the number of cycles
increases. Therefore, HMLOs are affected by a hidden synergistic
effect, which is difficult to elucidate based on the electrochemical
performances of Li2MnO3 and LiNi1/3Co1/3Mn1/3O2. An in-depth
discussion of these effects will be included in the theoretical
sections below (Sections 3.3 and 3.4).

3.3 Theoretical bases for the electrochemical characteristics
of HMLOs

To achieve a fundamental understanding of the interesting experi-
mental phenomena exhibited by HMLOs, such as their improved
electrochemical characteristics and enhanced cyclic stabilities, first-
principles investigations were performed according to thermo-
dynamic, kinetic, and statistical approaches. To develop a reasonable
atomic model of the HMLO system, we modelled the HMLO atomic
structure based on the C2/m crystal structure with 9 formula units
of 2/3Li2MnO31/3LiNi1/3Co1/3Mn1/3O2(Li1.67Ni0.11Co0.11Mn0.78O2.67),
as described in Fig. 3a, because the XRD pattern of the c-HMLO
in Fig. 1a shows sharp superlattice peaks of the (020) and (110)
planes. Additionally, the locations of Ni, Co, and Mn atoms
corresponding to LiNi1/3Co1/3Mn1/3O2 were determined by thermo-
dynamic energy comparisons through DFT calculations. To
validate the appropriateness of this HMLO atomic model in
terms of the as-prepared c-HMLO powder, Rietveld refinement
was performed by analysing the XRD pattern of the c-HMLO in
Fig. 1a and the developed atomic model in Fig. 3a. Fig. 3b shows
the result of the Rietveld refinement with a weighted R profile of
3.767 and an R profile of 2.524, and the structural parameters
of the Rietveld refinement and DFT calculation are listed in
Table S1 (ESI†). These values confirm that the simulation model
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presented in Fig. 3a can reasonably describe the behaviour of the
as-prepared c-HMLO powder.

To perform an in-depth theoretical investigation of the
HMLO system at various Li concentrations, 16 ground states
for each Li concentration were evaluated by CEM, followed by
complete relaxation of both the cell and the atoms. Based on
these CEM results, the reaction voltage and average charge
variation with respect to various Li concentrations were evaluated
as described in Fig. 4a. The calculated voltage (blue solid line)
exhibited a shape similar to that of the experimental charge
profile (red dashed line): the initial reaction began at approxi-
mately 4 V vs. Li/Li+ and exceeded 4.5 V vs. Li/Li+ at approximately
100 mA h g�1. The inset of Fig. 4a presents the average charge
variation, which reflects the redox reaction behaviours of TMs
and O: Ni and Co ions are likely to participate in redox reactions
from 0 to 100 mA h g�1 at voltages below 4.5 V vs. Li/Li+ (green
box in Fig. 4a). Meanwhile, Mn ions retain their inactive char-
acter and participate minimally in the redox reaction. More
importantly, the redox reactions are generated below voltages
of around 4.7 V vs. Li/Li+ until 270 mA h g�1 due to the
intercalation of Li ions in the Li layer, but a remarkable voltage

increase is observed from the intercalation of Li ions in the TM
layer after 270 mA h g�1, as described in Fig. 4a. In other words,
the intercalation potential of Li ions in the TM layer is higher
than that of Li ions in the Li layer, since the NCM component
would stabilise the TM layer of the HMLO system and could help
the structural stability of Li2MnO3 during Li intercalations.

Based on the qualitative results obtained for the partial
(projected) density of states (PDOS) of the Mn, Co, and Ni d
orbitals in Fig. 4b–d, the behaviours of Ni, Co, and Mn ions
described above are consistent. Fig. 4b confirms the inactivity
of the Mn4+ ion at two different Li concentrations, while the
Co ion changes its oxidation state from Co3+ to Co3–4+ as the Li
concentration decreases in Fig. 4c. Additionally, Fig. 4d
indicates that Ni ions exist in the relatively stable Ni2+ state
when the system is fully lithiated (black line) because of the d
electron-donor effect53,54 and changes to the Ni4+ state in
Li1.34Ni0.11Co0.11Mn0.78O2.67 (red dashed line) through the double
redox reaction. For Ni ions, the Ni2+ state is more stable than the
Ni3+ state in terms of its electronic structure because of crystal field
stabilisation; therefore, the redox potential of the Ni2+ state in this
HMLO system (B4.0 V vs. Li/Li+) is higher than that of the Ni3+

Fig. 2 (a and b) Galvanostatic charge–discharge profiles of as-prepared m-HMLO (a) and c-HMLO (b) recorded in CC mode with a constant specific
current of 25 mA g�1 in the voltage range between 2.0 and 4.8 V vs. Li/Li+ at the 1st, 2nd, and 20th cycles. (c) Corresponding dQ/dV curves of m-HMLO
(black solid line) and c-HMLO (red dashed line) at the 1st (upper) and 20th (lower) cycles. (d) Comparison of the discharge cyclic performances of
m-HMLO (black circle) and c-HMLO (red circle).
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state in LiNi1/3Co1/3Mn1/3O2 (B3.75 V vs. Li/Li+). This might be the
reason why the HMLO system exhibits higher electrochemical
reaction voltages, as observed in Fig. 2 and discussed in
Section 3.2.

3.4 Effects of crystal field stabilisation on phase
transformation

The enhanced cyclic stability of c-HMLO was investigated via
electronic structure analyses of the TMs’ kinetic migration
states to understand the origins and mechanisms of the
impeded phase-transformation behaviours. In these migration
simulations, the interlayer migrations of TMs from the TM
layer to the Li layer through the tetrahedral site between two
octahedral sites in these layers were handled as shown in the
inset in Fig. 5a: not only is passing through tetrahedral sites
a geometrically indispensable pathway for migration from the
TM layer to the Li layer,21,55 but an experimental study on
Li-rich oxides obtained annular dark-field (ADF) TEM images of
TMs in tetrahedral sites.56

Fig. 5a describes the TM migration barriers faced by Mn, Co,
and Ni ions in terms of the inverse Li content x in the HMLO
atomic model. Here, the difference between the slopes of the
Mn and Co ions and that of the Ni ions should be particularly
noted. The migration barriers of Mn and Co ions decrease as Li
is extracted, whereas that of the Ni ions increases during
delithiation. The migration barriers of Mn and Co ions are
5.35 and 4.54 eV at x = 0.11 and decrease to 1.94 and 1.77 eV at
x = 0.78, respectively. In contrast, the migration barrier of the
Ni ions is 3.51 eV at x = 0.11, which increases to 4.86 eV at
x = 0.78. More importantly, the increasing migration barriers of Ni
ions and Mn and Co ions at high Li concentrations could contribute
to the impeded phase transformation of the HMLO system.

To determine the reason underlying the relatively high migration
of Ni ions, the net charges of the Mn, Co, and Ni ions were
determined via Bader charge analysis38 at different coordination
geometries, as shown in Fig. 5b. Based on the net charge
variations of the initial octahedral site (TM layer), middle tetra-
hedral site (between layers), and final octahedral site (Li layer),
the redox reactions—oxidation (electron loss) and reduction
(electron gain)—affecting the TMs at different coordination
geometries could be elucidated. Fig. 5b shows that the net

Fig. 4 (a) Calculated voltage (blue solid line) with respect to the specific capacity predicted by the Li concentration and the 1st charge profile of the
c-HMLO from Fig. 2b. Average charge variations of Ni, Co, Mn, and O ions (inset of (a)) according to the calculated voltage. (b–d) PDOS for Mn (b), Co (c),
and Ni (d) d-orbitals of Li1.67Ni0.11Co0.11Mn0.78O2.67 (black solid line) and Li1.34Ni0.11Co0.11Mn0.78O2.67 (red dashed line), where the Fermi level is 0.0 eV
(blue dashed line).

Fig. 3 (a) Atomic model of Li1.67Ni0.11Co0.11Mn0.78O2.67 (space group:
C2/m). (b) Rietveld refinement of the XRD pattern of as-synthesised
c-HMLO using the atomic model (a), and agreement indices of R profile
and weighted R profile factors.
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charges of Mn and Co ions in the middle tetrahedral site are
slightly higher than those in the initial and final octahedral sites,
indicating that Mn and Co ions are oxidised in the middle
tetrahedral site. However, the net charge of Ni ions in the middle
tetrahedral site is lower than those in the initial and final
octahedral sites, indicating that Ni ions are reduced when
passing through the middle tetrahedral site during migration.
Hence, the reason underlying the higher migration of Ni ions in
the HMLO system is attributable to its reduced character at the
tetrahedral sites compared with the octahedral sites. To gain
electrons, the Ni ion in the tetrahedral site is likely to take
electrons from surrounding O atoms. As a result, the oxidised O
atoms make the whole structure unstable, increasing its energy
state and, thus, increasing the migration barrier faced by Ni
ions. By contrast, the oxidised character of the Mn and Co ions
allows them to donate electrons to surrounding O atoms,
thereby stabilising the entire structure, lowering its energy state,
and decreasing the migration barriers.21

To understand the origins of the reduced and oxidised
character of the TMs, the PDOS of Mn, Co, and Ni ions in
Li1.11Ni0.11Co0.11Mn0.78O2.67 at both the initial octahedral and
middle tetrahedral sites are shown in Fig. 5c, e and g, with the
corresponding crystal field splitting diagrams (CFSDs) pre-
sented in Fig. 5d, f and h, respectively. The PDOS of the Mn
d orbital at the octahedral site (black solid line) describes
the electronic structure of the Mn4+ state, as shown in Fig. 5.

The inactive character of Mn4+ in the fully lithiated state (black
solid line in Fig. 4b) indicates that three electrons occupy the
t2g level in the upper CFSD of Fig. 5d. However, the Mn ion in
the tetrahedral site (red dashed line) is oxidised to Mn,4–5+ as
described in Fig. 5b and c, because of the reversal of the crystal
field shown in the lower CFSD of Fig. 5d. In other words, the
crystal field of the Mn ion in the tetrahedral site could be
stabilised by filling the e level with two electrons and donating
an electron to the surrounding O ions, thereby stabilising the
entire structure, decreasing its energy state, and reducing the
migration barrier faced by Mn ions. Similarly, the PDOS of
the Co d orbital in the octahedral site indicates the Co3–4+ state,
as illustrated by the black solid line in Fig. 5e, because slight
oxidation from the Co3+ state at full lithiation (black solid line
in Fig. 4c) occurs during delithiation. During migration, the Co
ion in the tetrahedral site (red dashed line) would be oxidised
to Co4+, as shown in Fig. 5b and e, because of the reversal of the
crystal field described in the lower CFSD of Fig. 5f. The low spin
state of Co3+ at the octahedral site with 6 electrons in the t2g

level should be stable, as shown in the upper CFSD of Fig. 5f.
However, in the tetrahedral site, the high spin state of Co4+ with
5 electrons could also be stable, as indicated in Fig. 5e and the
lower CFSD of Fig. 5f. Therefore, both Co ions and Mn ions in
the HMLO system are more favourably oxidised in the tetra-
hedral site during their migration from the TM layer to the Li
layer. This is because of the effect of crystal field stabilisation,

Fig. 5 (a) Migration barriers of Mn (black circle), Co (red square), and Ni (blue triangle) ions in terms of the inverse Li content x in
Li1.67�xNi0.11Co0.11Mn0.78O2.67 from the initial TM layer to the final Li layer via the middle tetrahedral site (inset). (b) Net charges of Mn (black circle),
Co (red square), and Ni (blue triangle) ions in the three different migration sites (inset of (a)). (c–e) PDOS for Mn (c), Co (e), and Ni (g) d-orbitals in the initial
octahedral site (black solid line) and middle tetrahedral site (red dashed line) for Li1.11Ni0.11Co0.11Mn0.78O2.67, where the Fermi level is 0.0 eV (blue dashed
line). (d–h) Corresponding CFSDs of Mn (d), Co (f), and Ni (h) d-orbitals in the initial octahedral site (upper) and middle tetrahedral site (lower) for
Li1.11Ni0.11Co0.11Mn0.78O2.67.
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which stabilises the entire structure, decreases its energy state
by donating electrons to surrounding O atoms, and contributes
to decreasing the migration barriers faced by Mn and Co ions.

As mentioned above, in contrast, Ni ions undergo a double
redox reaction from Ni2+ to Ni4+, as explained in Fig. 4d.
Thus, Ni ions have a reduced character during migration from
the Ni4+ state in the octahedral site to the Ni3+ state in the
tetrahedral site, as shown in Fig. 5g and h. This is also because
of the effect of the crystal field stabilisation; the Ni4+ state in the
octahedral site has 6 electrons in the t2g level, as shown by the
upper CFSD of Fig. 5h. However, in the tetrahedral site,
4 electrons fill the e level of the reversed crystal field and
3 electrons fill the spin-up states in the t2 level of the reversed
crystal field, as shown in the lower CFSD of Fig. 5h. Hence, Ni
ions in the tetrahedral site are reduced by accepting an electron
from the surrounding O atoms and are converted to the
relatively stable Ni3+ state, as illustrated in the lower CFSD of
Fig. 5h. This process destabilises the entire structure, increases
its energy state by absorbing electrons from surrounding O
atoms, and increases the migration barrier faced by the Ni ions.
Therefore, the TMs with reduced character in the tetrahedral
sites compared with the octahedral sites, such as Ni ions, will
face a higher migration barrier from the TM layer to the Li
layer, which could impede the phase transformation during
charge–discharge processes.

The effect of the high migration barrier on Ni ions will likely
be generated in Li-rich and Mn-rich environments (such as the
HMLO system) where the oxidation states of Mn ions are
similar to the inactive 4+ state, and a small quantity of Ni ions
are rapidly converted to the 4+ state at the beginning of
delithiation. To discuss the behaviours of Ni ions in Ni-rich
phases, the kinetic migration barriers, electronic structures,
and corresponding CFSDs of Ni ions in layered LiNiO2 were
investigated, as presented in Fig. S11a–c ESI,† respectively.
Fig. S11a ESI,† shows relatively low migration barriers of Ni
ions (B1.3 eV) in LiNiO2 compared with the HMLO system, as
indicated in Fig. 5a. These results demonstrate that the Ni ions
in LiNiO2 exist in the Ni3+ state with 7 valence electrons, and
the Ni3+ state has stable crystal fields in both octahedral and
tetrahedral coordination geometries, as described in the upper
(octahedral) and lower CFSDs (tetrahedral) in Fig. S11c (ESI†).
This is why Ni3+ ions in Ni-rich phases are likely to face a lower
migration barrier than Ni4+ ions in the HMLO system. Therefore,
the migration barriers of Ni ions in LiNiO2 increase as the Li
concentration decreases because of the oxidation to Ni4+ from the
initial Ni3+ state, as represented in Fig. S11a (ESI†).

In conclusion, the migration of TM ions is closely related to
crystal field stabilisation in the octahedral and tetrahedral
coordination geometries. In the HMLO system, the migration
of Mn and Co ions would be facilitated by these species’
oxidised character resulting from the transfer of electrons to
the surrounding O ions to stabilise their crystal fields. Con-
versely, the migration of Ni ions would be impeded by their
reduced character, resulting from the absorption of electrons
from the surrounding O ions to stabilise their crystal fields in
the tetrahedral sites. In other words, the phase transformation

is mainly influenced by the crystal field stabilisation between
the octahedral and tetrahedral sites.

3.5 First-principles predictions of impeded phase
transformation in the HMLO system

As doping materials for the impeded phase transformation in
the HMLO system, Cu and Zn are possible candidates because
these elements could be predicted to exhibit reduced character
based on the periodic table. However, Zn would be an inactive
element in the HMLO system because Zn2+ has 10 electrons,
which fill the entire d orbitals in both octahedral and tetra-
hedral sites. Thus, Cu is likely a more reasonable candidate.
Therefore, in this study, a Li1.67Ni0.11Co0.11Mn0.67Cu0.11O2.67

atomic model was developed by substituting 0.11 mol of Mn
with the same amount of Cu, as described in Fig. 6a. As done
for the atomic model of Li1.67Ni0.11Co0.11Mn0.78O2.67, the location
of the Cu atom was determined by comparing the thermodynamic
energies obtained via first-principles calculations.

The migration barriers of Cu ions from the initial octahedral
sites in the TM layer to the final octahedral sites in the Li layer
via the middle tetrahedral sites are shown in Fig. 6b in terms of
the inverse Li content x. At x = 0.11, the migration barrier of
Cu ions is approximately 5.06 eV and decreases to 3.56 eV at
x = 0.33; subsequently, it increases to 3.67 eV at x = 0.56 and
4.35 eV at x = 0.78. To characterise the reduced character of
Cu ions in the HMLO system, the net charges of Cu ions at
different migration positions were investigated, as represented
in Fig. 6c. This revealed that Cu ions exhibit relatively low net
charges in the middle tetrahedral sites than at the initial and
final octahedral sites. Quantitatively, Cu ions in the HMLO
system have more electrons in the tetrahedral site than in
both octahedral sites and exhibit a reduced character during
migration. To achieve an in-depth understanding of this
reduced character, Fig. 6d shows the PDOS of the Cu d orbital
at the octahedral (black solid line) and tetrahedral (red dashed
line) sites in Li1.11Ni0.11Co0.11Mn0.67Cu0.11O2.67, with the corres-
ponding CFSDs presented in Fig. 6e. The PDOS of the Cu d
orbital in the octahedral site indicates the existence of the Cu3+

state with 8 electrons, as shown by the black solid line in
Fig. 6d. This is because Cu3+ ions in the octahedral sites can be
stabilised with 8 electrons: 6 electrons in the t2g level and
2 electrons in the spin-up eg level, as shown in the upper CFSD
in Fig. 6e. In contrast, Cu ions in the tetrahedral sites would
have more electrons than those in the octahedral sites because
of the decreased number of unoccupied states in the Cu d
orbital, as shown by the red dashed line in Fig. 6d. This could
be explained by the crystal field stabilisation effect: Cu3+ with
8 electrons in the tetrahedral site is more unstable than that in
the octahedral site, and thus, Cu3+ in the tetrahedral site is
likely to gain more electrons and becomes an electronic structure
between Cu2+ and Cu3+ because of the crystal field stabilisation
gained by filling the remaining unoccupied states, as illustrated in
Fig. 6d and e. This is why Cu ions with reduced character in the
HMLO system were observed both quantitatively (Fig. 6c) and
qualitatively (Fig. 6d and e). Therefore, the reduction of the Cu
ions in the tetrahedral sites during migration will oxidise the
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surrounding O ions and make the entire structure unstable,
increasing its energy state and the migration barrier faced by
Cu ions from the TM layer to the Li layer (Fig. 6b) and potentially
impede the phase transformation of the HMLO system. In addition
to these theoretical results, several reported papers experimentally
show affirmative effects of Cu doping to the transitional metal
layered oxides for the improvement of the cyclic stability.57–59

4. Conclusions

The synergistic role and the enhanced cyclic stability related
to the impeded interlayer migration of TMs during the high-
voltage operation of HMLOs can be fundamentally understood
in terms of the crystal field stabilisation, as shown both experi-
mentally and theoretically. Mechanically blended m-HMLO and
chemically bonded c-HMLO were characterised by XRD, FESEM,
STEM with SAED and EDS. c-HMLO shows enhanced cyclic
stability with a discharge capacity retention of B99% after

50 cycles of high-voltage operation at B4.8 V vs. Li/Li+, while
m-HMLO exhibits a discharge capacity retention of B62%
under the same conditions. Moreover, the reaction voltages of
c-HMLO are approximately 0.5 V vs. Li/Li+ higher than those
of m-HMLO, and the discharge specific capacity of c-HMLO
is more than three times larger than that of m-HMLO after
50 cycles.

The affirmative effects described above were fundamentally
elucidated using theoretical approaches via first-principles
calculations based on the electronic structures in terms of the
crystal field stabilisation. To achieve a reasonable atomic
calculation modelling of the as-prepared c-HMLO powder,
Rietveld refinement was applied, and the agreement between
the atomic model and as-synthesised c-HMLO was validated by
the weighted R profile factor: 3.767. From the reaction mecha-
nism based on this atomic model, it was revealed that the NCM
component would stabilise the TM layer of HMLOs and could
help the structural stability of Li2MnO3. TM migration analyses
with electronic structures quantitatively and qualitatively revealed

Fig. 6 (a) Atomic model of Li1.67Ni0.11Co0.11Mn0.67 Cu0.11O2.67 (space group: C2/m). (b) Migration barriers of Cu ions (green diamond) in terms of the
inverse Li content x in Li1.67�xNi0.11Co0.11 Mn0.67 Cu0.11O2.67 from the initial TM layer to the final Li layer via the middle tetrahedral site (inset). (c) Net
charges of Cu ions (green diamond) at the three different migration sites (inset of (b)). (d) PDOS for Cu d-orbitals in the initial octahedral site (black solid
line) and middle tetrahedral site (red dashed line) for Li1.11Ni0.11Co0.11Mn0.67Cu0.11O2.67, where the Fermi level is 0.0 eV (blue dashed line).
(e) Corresponding CFSDs of the Cu d-orbital in the initial octahedral site (upper) and middle tetrahedral site (lower) for Li1.11Ni0.11Co0.11Mn0.67 Cu0.11O2.67.
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the redox character of the TMs during migration from the TM
layer to the Li layer. Unlike the Mn and Co ions, which exhibit
oxidised character, Ni ions show a reduced character, which takes
electrons from surrounding O ions, thereby oxidising them, to
stabilise the crystal field of the Ni ions in the tetrahedral sites.
In other words, oxidising the O atoms makes the entire HMLO
system unstable, increasing its energy state and the migration
barriers of Ni ions and thereby impeding the phase transformation.
Based on the crystal field stabilisation mechanisms found here,
Cu ions are suggested as a doping source to suppress phase
transformation and improve cyclic stability by increasing the migra-
tion barriers faced by TMs.

Based on our findings relating to the effect of crystal field
stabilisation on the impeded interlayer migration of TMs, it
could be understood that a small amount of NCM would
stabilise a large amount of inactive Li2MnO3 in Li-rich oxides.
Moreover, this study provides fundamental insights into
enhancing the cyclic stability by designing various Li-rich and
Mn-rich layered oxide cathodes.
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