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Li-rich layered oxides can potentially provide high capacity, thereby enhancing energy density as cathode

materials in Li-ion batteries. However, one of the main drawbacks is their low cycling stability. It has been

proposed that the structural stability of a solid solution compound might be enhanced by exploiting the

high-entropy concept. Here, we studied two Li-rich layered oxide cathode materials with multiple

cations in their transition metal sites, categorized as medium or high entropy: Li(Li0.2Co0.18Ni0.18Mn0.44)

O2 and Li(Li0.2Co0.18Ni0.18Mn0.18Ti0.26)O2. The synthesized materials, however, experienced a large

capacity loss during the first charge/discharge cycle. We performed first-principles calculations to

understand the mechanism behind the capacity fading and discovered significant structural changes in

both systems. Specifically, we observed extensive Li/Ni interchange, migration of transition metal ions to

Li sites, and formation of secondary phases. For the Ti-containing material, which shows a larger

capacity fade than the other system, we even observed the formation of a spinel phase. The computed

enthalpies of secondary phase formation reactions exhibit large negative values. However, the estimated

(maximum) configurational entropy contributions to the free energies of these reactions are much

smaller and therefore not determining factors. This study provides crucial insights into degradation

mechanisms in Li-rich high-entropy systems, aiding the future design and development of advanced

cathode materials for next-generation lithium-ion batteries.
1 Introduction

Lithium-ion batteries (LIBs) are important energy storage
systems due to their relatively high energy density and long-
term cycle stability. However, their performance still needs
improvement for future mobile applications. As cathode elec-
trodes play a key role in determining the energy density and
stability of LIBs, they have been extensively studied.1,2 Never-
theless, many fundamental questions regarding themechanism
of the charge/discharge (delithiation/lithiation) process remain
to be addressed to aid in the design of novel cathode materials.
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The high-entropy (HE) concept is a relatively recent develop-
ment in the eld of materials science. A HE solid solution
compound involves a combination of multiple different elements,
typically ve or more, in a single phase lattice structure.3 The high
congurational entropy resulting from a large number of possible
combinations is assumed to play a crucial role in stabilizing the
material's structure.4,5 The application of HE concept to various
ceramics shows promise for developing new materials in battery
research. For example, high-entropy uorides (HEFs) serve as high-
capacity conversion cathodes for LIBs,6 while high-entropy Prus-
sian White has been demonstrated to enhance structural stability
upon electrochemical cycling when used as cathode material in
sodium-ion batteries.7 Another emerging category of cathode
materials gaining recognition due to their distinct properties is
high-entropy oxides (HEOs).8–13 Numerous theoretical and experi-
mental analyses have revealed superior electrochemical properties
of HEOs, including high capacity, cycle stability, and relatively high
rate capability.3,4,9,14–16 For example, a cation-disordered high-
entropy cathode with ve different transition metal (TM) species
can achieve 590mA h g−1 at 50mA g−1, demonstrating better cycle
stability compared to cathodes with only four different TM
species.15 A considerable compositional adaptability enables
a wide exploration of element combinations to uncover optimized
compositionswith diverse elements decreasing the dependence on
J. Mater. Chem. A
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critical elements. Thus, HEOs can be potentially promising alter-
natives to traditional cathode materials.

Additionally, Li-rich layered oxides (LLOs) have been identi-
ed as another interesting cathode material.17,18 They can
potentially provide high capacity (over 250 mA h g−1), making
them attractive candidates for high-performance battery
applications.19–21 Unlike traditional cathodes in lithium batteries,
which predominantly utilize the redox activity of transition
metals for electrochemical reactions, LLOs can offer a mixed
redox potential of both TMs and oxygen.22–24 By this synergistic
approach, they are able to achieve an exceptionally high capacity,
surpassing what conventional cathode materials can provide.
However, the structural instability of these materials exhibits
non-negligible voltage decay over electrochemical cycling, pre-
senting an obstacle to their practical application.25–28

In this work, we investigate synergy effects between the high-
entropy and Li-rich layered concepts. Structural stability, redox
mechanism, and phase stability of two materials were analyzed
using a combination of computational and experimental
techniques.

2 Method
2.1 Computational method

We employed spin-polarized density functional theory (DFT)
calculations using the Quantum-ESPRESSO simulation
package29,30 to compute the atomistic structure and magnetic
properties of LLOs, namely Li(Li0.2Co0.18Ni0.18Mn0.44)O2

(MELLO) and Li(Li0.2Co0.18Ni0.18Mn0.18Ti0.26)O2 (HELLO).
Ultraso pseudopotentials31 and the PBEsol exchange–correla-
tion functional32 were utilized for the optimization of geome-
tries and unit cells. The application of this functional for the
prediction of structural parameters of solids has been validated
in previous studies.33,34 A comparison with the PBE exchange–
correlation functional35 will be discussed. For the calculation of
strongly correlated electrons, the Hubbard-U correction was
applied, with U values of 6.0, 3.4, and 3.9 eV for Ni, Co, and Mn
respectively, following the ref. 36. We also calculated the elec-
tronic structure of the delithiated MELLO system employing the
HSE06 hybrid functional.37 We used a plane-wave cutoff energy
of 50 Ry and a 2 × 2 × 2 k-point mesh, except for the hybrid
functional calculation, for which a k-point mesh of 1 × 1 × 1
supplemented by a q-point mesh of 1 × 1 × 1 was used. An
energy and force convergence criterion of 1.36 × 10−3 eV and
2.57 × 10−2 eV Å−1, respectively, were applied. The plane-wave
cutoff energy and k-point mesh were selected to ensure
convergence of all reported values. To ensure we obtain the
magnetic ground state, we imposed a constraint on the total
magnetic moment, which was estimated from the most likely
oxidation state of each TM. We calculated all possible total
magnetization values based on these oxidation states and then
performed calculations for each spin conguration. Aer
reaching electronic and geometric convergence (including cell
optimization), we relaxed the constraint and re-ran the calcu-
lations to see if the system would converge into a different state.
Finally, we selected the conguration with the lowest total
energy, ensuring that this is the most stable magnetic state.
J. Mater. Chem. A
To mimic the disordered atomic arrangement of the LLOs,
the special quasirandom structure (SQS) approach38 was
applied. The SQSs were generated using the mcsqs code as part
of the Alloy Theoretic Automated Toolkit (ATAT) package.39 The
SQS method statistically mimics a truly disordered state by
providing an “average” atomic conguration that represents the
fully disordered structure. As an average disordered congura-
tion, the SQS is well suited for the computation of thermody-
namic parameters of the material. This method is particularly
suited for high-entropy systems, where considering all potential
congurations is impractical. The determined structures by SQS
method have even been used to quantify the phase stability,
electronic structure, and voltage curves in other studies.16,40–42

We modeled the MELLO system using 2 × 6 × 2 supercells
comprising 192 atoms per cell with a space group of C2/m and 4
× 4 × 1 supercells containing 192 atoms per cell with a space
group of R�3m. This was to determine the most stable structure
for this compound. Although the C2/m and R�3m structures do
not have exactly the same TM conguration due to the different
number of TM sites in these structures, we ensured that the
short-range correlations (pair correlations) between TM atoms
are very similar, allowing for a fair comparison of their relative
stabilities. For the HELLO system, a 4 × 4 × 1 supercell was
used, having 192 atoms per cell and a space group of R�3m. To
obtain the atomistic structure of LLO systems with Li/Ni inter-
changes and the low Li concentration of x = 0.25, we performed
total Coulomb Energy (CE) calculations utilizing the ‘supercell’
code.43 We selected ve congurations with the lowest Coulomb
energies and calculated the total energies using DFT. Our
results conrm that the conguration with the lowest Coulomb
energy is the most stable. Subsequently, we applied the DFT+U
method with the PBEsol functional and HSE06 hybrid func-
tional calculations to these congurations.

2.2 Materials synthesis

Themedium-entropy oxide Li(Li0.2Co0.18Ni0.18Mn0.44)O2 and the
high-entropy oxide Li(Li0.2Co0.18Ni0.18Mn0.18Ti0.26)O2 were
synthesized employing a modied Pechini method. Co(CH3-
COO)2$4H2O, Ni(CH3COO)2$4H2O, Mn(CH3COO)2$4H2O, tita-
nium butoxide (C16H36O4Ti), and excess (50%) LiNO3 (all Sigma-
Aldrich) were utilized as initial materials. Stoichiometric
quantities of these materials were dissolved and dispersed in
ethanol with citric acid and ethylene glycol (molar ratio = 1 : 4)
under stirring to form a precursor. Following 4 hours of reaction
with stirring and overnight drying, the mixtures were heated to
400 °C for 2 h, during which they swelled up and burned
spontaneously, forming foamy masses as the temperature
increased. The resulting black powder was pressed into pellets
and calcined at 950 °C for 12 h in air. The nal products were
obtained by natural cooling to ambient temperature and kept
inside an Ar-lled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm).

2.3 Electrode preparation

Cathodes were prepared by mixing oxide, Super C65 black
carbon, and Solef 5130 polyvinylidene uoride (PVDF) in a ratio
of 7 : 2 : 1, uniformly dispersed in N-methyl-2-pyrrolidone
This journal is © The Royal Society of Chemistry 2024
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(NMP). The slurry was then cast onto an Al current collector by
doctor blading (200 mm slit size) and dried under vacuum at
120 °C for 12 h. The mass of the loaded active material on the
dried foil was 2 to 3 mg cm−2. Electrode discs of diameter
13 mm were punched from the cathode sheet and used as
cathode electrodes for CR2032 coin cell assembly. The cells
were assembled in an Ar-lled glovebox, using glass microber
lter paper (GF/C, Whatman, Freiburg, Germany) as the sepa-
rator, 1 M LiPF6 in a 3 : 7 weight mixture of ethylene carbo-
nate:ethyl methyl carbonate (LP57, BASF SE, Ludwigshafen,
Germany) as the electrolyte, and Li metal foil (Gelon LIB Co.,
Ltd) as the counter electrode.
2.4 Cycling

Galvanostatic cycling tests were conducted using a multi-
channel battery test system (CT2001A, Wuhan LAND Electronic
Co., Ltd). The voltage range was set to 2.0–4.8 V vs. Li+/Li, and
the specic capacity was calculated based on the mass of the
active material (1C = 250 mA g−1).
2.5 X-ray diffraction

XRD patterns of powder samples were collected using a Bruker
D8 Advance diffractometer with CuKa (l = 1.5406 Å) radiation
source.
3 Results and discussion

In this work, we studied two distinct LLO compounds, namely
Li(Li0.2Co0.18Ni0.18Mn0.44)O2 and Li(Li0.2Co0.18Ni0.18Mn0.18-
Ti0.26)O2. These compounds were specically chosen to repre-
sent different levels of congurational entropy, attributed to
Fig. 1 XRD patterns and voltage–capacity curves for (a) MELLO and (b) H
of C2/m symmetry. The XRD pattern of (b) HELLO closely matches the

This journal is © The Royal Society of Chemistry 2024
their varying concentrations of excess Li and TMs. The struc-
tures comprise consecutive layers of .–Li–O–TM–O–Li–.
along the c-axis, with an excess of Li ions that are mixed with
TMs in the TM sites: (Li/Co/Ni/Mn)TM and (Li/Co/Ni/Mn/Ti)TM.
The selection of Ti was based on previous research demon-
strating its ability to stabilize the disordered state.41,42,44

In an ideal solid solution with random elemental distribu-
tion in lattice sites, the molar congurational entropy is

Sconfig ¼ �R
 XN

i¼1

xiln xi

!
cation�site

Here, xi denotes the mole fractions of Li and TMs elements,
respectively, and R represents the universal gas constant.
Applying this equation, we calculate the ideal congurational
entropy for the synthesized compounds Li(Li0.2Co0.18Ni0.18-
Mn0.44)O2 and Li(Li0.2Co0.18Ni0.18Mn0.18Ti0.26)O2 as 1.3R and
1.6R, respectively. Following the classication criteria estab-
lished by Murty et al.,45 materials are categorized based on their
entropy values into high-entropy (>1.5R), medium entropy (1 −
1.5R), and low entropy (<1R) materials. Using these categories,
our rst compound is identied as a medium-entropy LLO
(MELLO), while the second one meets the criteria for high-
entropy LLO (HELLO).

The term ‘high-entropy’ in the context of materials like
MELLO and HELLO primarily reects the elevated congura-
tional entropy arising from the incorporation of different types
of elements at specic site types, rather than indicating entropy
stabilization. This concept aligns with the broader denition of
high-entropy materials, which are distinct from entropy-
stabilized oxides (ESOs).4

Single-phase structures were observed in both synthesized
MELLO and HELLO at elevated temperatures through XRD
ELLO. The black arrow in (a) MELLO highlights the characteristic peaks
R�3m space group.

J. Mater. Chem. A
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Fig. 2 Computed energy difference between the rhombohedral
(R�3m) and monoclinic (C2/m) structures for the MELLO system using
DFT-PBE, -PBEsol, -PBE + U, and -PBEsol + U.

Fig. 3 Visualization of O–TM–O intralayer separation in MELLO (2.13
Å) and HELLO (2.18 Å) for a Ni/Li concentration of 22%. Li/Ni inter-
changes are represented by black arrows as an example. The middle
figure shows the Ni/Li interchange energy (with respect to the initial
energies without interchange) for MELLO (left) and HELLO (right). The
Ni/Li interchange concentration (expressed as a percentage) is
calculated with respect to Ni concentration.
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analysis, as shown in Fig. 1. The reected peaks from the
MELLO sample (Fig. 1) can be indexed to either the rhombo-
hedral structure with the R�3m space group or the monoclinic
structure with the C2/m space group. A minor peak appearing in
the range of 20° to 23° was identied as the characteristic peak
of C2/m symmetry. To ascertain the most stable crystal structure
for our simulation and analysis, we evaluated the total energy of
both possible structures employing DFT-PBE, -PBEsol, -PBE + U,
and -PBEsol + U (Fig. 2). The total energy differences are
normalized to the chemical formula of MELLO, Li(Li0.2Co0.18-
Ni0.18Mn0.44)O2, which consists of 4 atoms. All the functionals
indicated that the monoclinic structure has a lower energy of
around 2.1 meV per atom compared to the rhombohedral one.
The minimal total energy difference of 8.3 meV (0.8 kJ mol−1) at
0 K between the two considered structures suggests a possibility
for phase co-existence or transformation at room temperature.
Hereaer, we focused on the most stable structure, according to
DFT, namely the C2/m structure. The XRD pattern for the
HELLO system (Fig. 1) indicates a rhombohedral structure with
the R�3m space group.

Based on the Gibbs free energy equation (DG = DH − TDS),
the absolute value of the entropy term (−TDS) increases with
temperature. If the enthalpy of mixing (DHmix) is low, the
entropy term can play a role in stabilizing the (disordered)
single-phase structure. However, the enthalpy of formation for
likely secondary phases might be so large that DHmix and −TDS
terms become negligible.

Our electrochemical test (Fig. 1) shows a large capacity
fading aer the rst cycle, being larger in the case of HELLO
compared to MELLO. This result most likely shows that these
two compounds do not represent ESO materials. To understand
Table 1 Experimental (exp.), DFT-PBEsol computed (PBEsol) and DFT-P

a (Å) b (Å) c (Å)

MELLO Exp. 4.937 8.547 5.026
PBEsol 4.962 8.608 5.011
PBE 5.015 8.680 5.065

HELLO Exp. 2.875 2.875 14.326
PBEsol 2.853 2.858 14.295
PBE 2.886 2.866 14.861

J. Mater. Chem. A
the reason behind large capacity fading in these two systems
aer the rst cycle, we applied DFT calculation to study struc-
tural change, defect formation, redox mechanism, and second
phase formation.

Table 1 presents the computed lattice parameters (a, b, and
c) for MELLO and HELLO. It is found that the PBEsol functional
can reproduce the experimental a, b, and c values within 0.77%.
The Ni/Li exchange (NiLi + LiNi), a common anti-site defect in
the Ni-containing layered oxide materials, has been well docu-
mented in the previous experimental works.46,47 In the present
study, our calculations show that HELLO has a higher tendency
to form NiLi + LiNi as shown in Fig. 3. The observed increase in
energy gain for higher Ni/Li ratio in the presence of Ti cation
can be attributed to its larger ionic radius (0.605 Å) relative to
the other transition metals such as Mn3+ (0.53 Å), Ni3+ (0.56 Å),
and Co4+ (0.545 Å). This observation correlates with a larger O–
TM–O intralayer separation in HELLO (2.18 Å) relative to
MELLO (2.13 Å) for a Ni/Li concentration of 22%, as depicted in
Fig. 3, which provides more space for Li+ ions (0.76 Å) within the
lattice structure of HELLO. For further study, we selected the
same NiLi + LiNi concentration of c = 22.22% for MELLO and
HELLO, to focus on the inuence of elemental composition on
other parameters such as oxidation and migration of ions.

To understand the stability of MELLO and HELLO during
electrochemical cycling, we analyzed their delithiated states by
modeling Li0.25(Co0.18Ni0.18Mn0.44)O2 and Li0.25(Co0.18Ni0.18-
Mn0.18Ti0.26)O2, respectively. The low lithium concentration of
0.25 was chosen to study the extreme delithiation scenario.
Following the geometry and unit cell optimization (using DFT-
BE computed (PBE) lattice parameters for MELLO and HELLO

a (°) b (°) g (°) Vol. (Å3)

90.000 109.260 90.000 200.210
90.096 108.882 90.005 202.117
90.130 109.144 89.919 208.265
90.000 90.000 120.000 102.560
89.916 89.956 119.893 101.036
90.739 89.021 120.071 106.371

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (Left) Graph depicting the energy gain from O2 dimerization as
a function of O2 concentration, expressed as a percentage of the total
oxygen concentration within each compound for MELLO and HELLO
systems. (Right) Visual snapshots illustrating the O2 dimers formed in
MELLO (top two images) and HELLO (bottom two images).

Fig. 5 Schematic representation of cation migration during the deli-
thiation process in the HELLO system. The upper-right figure shows
the migration of Mn7+ to the tetrahedral site at low Li content, denoted
by the black circle. The lower-right figure demonstrates the migration
of Ti from the TM-layer to the Li layer, adjacent to an oxygen dimer.
The migrated Ti atom proceeds to react with the oxygen dimer,
culminating in the formation of a secondary phase as marked by the
black arrow. The Li, O, Ti, Co, Ni, and Mn elements are represented by
green, red, light blue, dark blue, gray, and purple spheres/polyhedra,
respectively.
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PBEsol) of the delithiated MELLO and HELLO, we found the
formation of oxygen dimers, as shown in Fig. 4. The presence of
charged oxygen dimers (O2

x−) has been reported in several
previous studies on Li-rich layered oxide systems.22,48 Given that
the optimized structures might be conned to a local
minimum, we further modeled additional oxygen dimers by
manually adjusting the positions of isolated oxygen atoms in
a sequential manner, followed by structural optimization to
determine whether these manually induced dimers were ener-
getically favorable or not. Detailed analysis, as illustrated in
Fig. 4, reveals that HELLO can have up to 10.4%, while MELLO
up to 6.3% oxygen dimers. This leads to a larger delithiation-
induced change in the oxidation state of oxygen in HELLO
compared to MELLO (see Table 2).

We observed partial migration of Ti to Li-layers and Mn to
tetrahedral sites (between TM- and Li-layers) in the delithiated
systems, which could potentially react with the oxygen dimers
forming secondary phases. The migration of cations from TM
sites to lithium sites during the delithiation process has been
reported both experimentally and theoretically in several
multicomponent Li-rich layered oxide systems.49–53 In the
HELLO system, the extraction of Li from Li-layers, followed by
extraction from TM-layers, provides free space for TM migra-
tion. As presented in Fig. 5, HELLO systems exhibit signicant
Ti ion migration aer delithiation. One reason could be the low
energy penalty for Ti to distort/migrate due to its empty d-
orbital42 and relatively large ionic size. In the extreme deli-
thiated state of x = 0.25, we found 2% Mn migration from
octahedral to tetrahedral sites.
Table 2 Calculated average oxidation state using DFT-PBEsol for
each element before and after delithiation (x = 1.2 and x = 0.25) in
MELLO and HELLO systems

MELLO HELLO

x
= 1.2 x = 0.25 x = 1.2 x = 0.25

Ni +3.00 +4.00 +3.00 +4.00
Co +3.00 +4.00 +3.00 +4.00
Mn +4.00 +4.93 +4.00 +4.97
Ti — — +4.00 +4.00
O −2.00 −1.91 −2.00 −1.83

This journal is © The Royal Society of Chemistry 2024
The concomitant occurrence of TM migration and oxygen
dimer formation suggests a correlation where each phenom-
enon inuences the other. We suggest that oxygen dimers
reduce the activation barrier for TMmigration by disrupting the
TMO6 octahedral structure, which facilitates TM mobility.
Meanwhile, the migration of TM ions appears to have a signi-
cant impact on the oxygen redox process and subsequent
dimerization. Gent et al.49 suggests that TM migration triggers
a substantial reorganization of electronic states, leading to an
elevation of the energy levels of oxygen's projected density of
states (pDOS). This reorganization enhances the reactivity
involved in oxygen redox activities and fosters the dimerization
of oxygen. Hence, TM migration and oxygen dimerization
emerge as interlinked processes, each facilitating the other, and
together inuencing the electrochemical properties and
stability of the material.

The oxidation states were determined by examining the
atomic magnetic moment and by analyzing the 3d occupation
matrices for each atom. It is found that during the initial stage
of delithiation when predominantly extraction of Li ions from
the Li layers occurs, the charge neutrality is preserved by the
oxidation of Ni3+ to Ni4+ and Co3+ to Co4+. Further delithiation
involves the extraction of Li ions from TM sites and TM
migration, as well as the oxidation of Mn from +4 to +5 states.
The depletion of Li in the TM layer, combined with vacancies
created by TMmigration, leads to unstable electrons on isolated
oxygen atoms facilitating the formation of oxygen dimers.
Oxidation states of +5 and +7 were found for Mn, with +5 in
a distorted octahedral site and +7 in the tetrahedral site (see Fig.
5). This nding is in line with other studies,54,55 which showed
that MnO4 tetrahedra can only be realized when the Li+ content
is sufficiently low. These migrations underscore the critical
impact on the stability and capacity retention of MELLO and
HELLO, particularly in the latter case where more MnO4 tetra-
hedra form. Mn typically exhibits electrochemical activities with
oxidation/reduction states of Mn2+ 4Mn3+ 4Mn4+, providing
J. Mater. Chem. A
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Table 4 The oxidation states for each element of the primary phase
(with a Li concentration of 0.83) before and after the formation of
thermodynamically favorable secondary phases, which are calculated
in Table 3

MELLO HELLO

Before Aer Before Aer

Li +1.00 +1.00 +1.00 +1.00
Ni +3.78 +4.00 +3.72 +4.00
Co +3.91 +3.40 +3.77 +3.50
Mn +3.64 +4.00 +3.72 +4.00
Ti — — +4.00 +4.00
O −1.91 −1.94 −1.94 −1.95
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a maximum of two electron transfers. Our calculation shows the
oxidation of Mn from +4 to +5/+7 occurring for x = 1.2 / 0.25,
which may be considered unrealistic. To address this, we rein-
troduced Li ions into the structures, adjusting the Li concen-
tration from x = 0.25 to x = 0.83. We maintained (i) migrated Ti
and interchanged Ni (with Li) in the Li-layers, and (ii) the
formed O2 dimers. The concentration of x = 0.83 was chosen to
achieve a more reasonable oxidation state for Mn, which gives
a capacity of∼115 mA h g−1 for both systems. Interestingly, this
value lies between the observed second cycle capacities of
150 mA h g−1 and 100 mA h g−1 for MELLO and HELLO,
respectively (see Fig. 1), underscoring the critical role of Mn in
determining the reversible capacity of these compounds. The
reintroduction of Li atoms did not affect the thermodynamic
favorability of oxygen dimerization aer DFT geometry relaxa-
tion. The previous experimental and theoretical works by other
groups suggest both (i) a reversible redox reaction of oxygen in
the form of single ion and/or charged dimer56 as well as (ii) an
irreversible release of oxygen.18,57 Increasing the Li concentra-
tion from 0.25 to 0.83 leads to the reduction of highly oxidized
Mn cations (with charges larger than 4+ oxidation). This shows
the importance of oxygen redox reaction, in particular in the
form of O2 dimer, in determining the capacity. The limited
formation of oxidized oxygen in the form of dimer and single
anion leads to the higher Mn oxidation states for x = 0.25. This
is because of the specic composition of the studied
compounds in this work. The computed charge states of ions
for x = 0.83 indicate (Table 4) oxidation of Ni, Co, and O
compared to the pristine case of x = 1.2. This shows that these
elements are active during charge/discharge processes. Mn is
slightly reduced in both HELLO and MELLO systems with x =

0.83 compared to that with x = 1.2 which can be attributed to
the participation of oxygen in the redox mechanism.

The irreversible high rst-cycle capacity (Fig. 1) in both
systems can be due to the tendency of TMs to migrate from TM
to Li sites and/or irreversibly O2 formation. The migration of Ti
cations to Li sites and increased O2 dimer formation in HELLO
contributes further to its capacity fading, making this fading
more pronounced compared to MELLO. Migration of Ni, Mn,
and Ti facilitated by O2 formation might indicate a layered-to-
spinel phase transition, which has been proposed for Li-rich
systems.58,59 This might explain why voltage and capacity
Table 3 Calculated reaction enthalpiesDH (meV per formula unit p.f.u.) a
MELLO and HELLO systems

Reaction

MELLO
Li0.83Co0.18Mn0.44Ni0.18O2 / 0.91Li0.91Co0.20Mn0.38Ni0.20O2 + 0.09MnO2

Li0.83Co0.18Mn0.44Ni0.18O2 / 0.875Li0.95Co0.21Mn0.36Ni0.21O2 + 0.125MnO2

Li0.83Co0.18Mn0.44Ni0.18O2 / 0.91Li0.74Co0.20Mn0.38Ni0.20O2 + 0.09LiMnO2

HELLO
Li0.83Co0.18Mn0.18Ni0.18Ti0.26O2 / 0.87Li0.95Co0.21Mn0.21Ni0.21Ti0.15O2 + 0.
Li0.83Co0.18Mn0.18Ni0.18Ti0.26O2 / 0.92Li0.82Co0.20Mn0.20Ni0.20Ti0.20O2 + 0.
Li0.83Co0.18Mn0.18Ni0.18Ti0.26O2 / 0.87Li0.91Co0.21Mn0.21Ni0.21Ti0.15O2 + 0.

J. Mater. Chem. A
decrease aer the rst cycle, which is in line with voltage fade
primarily ascribed to the layered-to-spinel phase transition in
the lattice structure of Li-rich electrodes.59,60

Aerwards, we investigated the formation of a few possible
secondary oxide phases that might form besides the primary
initial active phase during delithiation (charging) in both
MELLO and HELLO systems. This was achieved by calculating
the reaction enthalpies at 0 K for a series of probable reactions
under the assumption that changes in zero-point energy and
volume are negligible. A lithium concentration of x = 0.83 was
chosen to avoid the formation of unusual Mn oxidation states
higher than +4. The thermodynamically favored formation of
6.3% and 10.4% O2 dimers, respectively, in MELLO and HELLO
(see Fig. 4) was kept as well. The O2 dimers or unstable oxidized
oxygen ions from which the dimers form can react with the
unstable TMs, in particular those that migrated from TM sites
to Li sites. This can lead to the formation of the secondary phase
comprising O and migrating TM atoms. The conguration of
the primary phase aer the reaction is constructed using SQS,
in which the atomic distribution is selected based on pair
correlations calculated from the conguration before the reac-
tion, but with themigrated TM and oxygen atoms removed. This
method captures the structural changes due to migration while
still representing the system aer secondary phase formation.
These reactions and the corresponding changes of the primary
phase in oxidation states before and aer the secondary phase
formation are detailed in Tables 3 and 4. Reactions that are
t 0 K for likely reactions leading to the formation of secondary phases in

DH (meV p.f.u.)

−171.0
140.0
199.6

13TiO2 −69.6
08LiTiO2 251.3
09TiO2 + 0.04LiTiO2 35.8

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The proposed sequential stages of degradation during charging (delithiation). In the pristine stage, we found Li/Ni interchange. During the
charging process, the lithium ions are extracted from the Li layers and the TM layers, leading to the oxygen dimerization and TM migration.
Subsequently, oxygen dimers react with the migrated TM ions, leading to the formation of the secondary TMO2 phase. Oxygen atoms are
denoted by red circles, while lithium atoms are represented by green circles. The multi-colored circles represent a mixture of various cationic
species present in the system.
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thermodynamically favorable, as indicated by negative enthalpy
values, are predicted to occur spontaneously. Our calculations
indicate that the formation of MnO2 in MELLO and TiO2 in
HELLO is thermodynamically favored. As shown in Table 4, the
oxidation states of Ni and Mn increase in the primary phase
following secondary phase formation, whereas those of Co and
O decrease. This alteration in oxidation states can result in
a reduced activity of TM ions, especially for Ni and Mn, which
generally provide a more reversible redox reaction than O.
Consequently, secondary phase formation may limit the
capacity of the materials. Notably, the decrease in TM activity is
more signicant in the HELLO system.

The enthalpy changes in the secondary phase formation
reactions are more signicant than the entropy changes. We
assume that the vibrational and electronic entropy contribu-
tions are negligible due to the structural similarity of the
primary phase before and aer the secondary phase reaction.
The congurational entropy changes for secondary phase
formation reactions at room temperature, TDSconf, for the
thermodynamically favorable reactions listed in Table 3, are
−1.1 meV and −0.07 meV p.f.u. for MELLO and HELLO,
respectively. Notably, the negative entropy values indicate that
the entropic contribution even slightly favors the formation of
the secondary phase.

The formation of secondary phases is closely linked to TM
vacancies, which result from the extraction of lithium and the
migration of TMs, as well as the process of oxygen dimerization.
Consequently, secondary phases can only form during the
cycling process when Li is removed from the TM sites. A greater
amount of secondary phase formation is expected in HELLO
compared toMELLO due to its higher oxidation of O in the form
of O2 dimers. The last reaction in Table 3, namely the formation
of LiTiO2 together with TiO2, with a small positive enthalpy of
35.8 meV per formula unit, may still be kinetically driven at
room temperature for the HELLO system. This is because the
energy associated with molecular motion at this temperature is
approximately 26 meV, and computational uncertainties must
also be considered. Therefore, a larger amount of inactive
This journal is © The Royal Society of Chemistry 2024
secondary phases is expected to form in HELLO compared to
the MELLO system.

To further investigate the effect of Ni/Li anti-site defects, we
performed calculations with a higher Ni/Li interchange
concentration of c = 44.44% for HELLO at lithium concentra-
tions of 0.25 and 0.83. We again observed TM migration and
dimer formation under these conditions. Furthermore, our
calculations revealed that with Ni/Li interchange c = 44.44%,
the secondary phase reaction becomes even more favorable,
with an enthalpy of −75.8 meV p.f.u., indicating an increased
instability in HELLO. These results support the mechanism
proposed in this study.

Fig. 6 presents the proposed mechanism underlying the
capacity fading observed in both MELLO and HELLO systems.
During cycling, the formation of irreversible oxygen dimers,
spinel phases, and/or secondary phases may occur. These
phenomena, particularly during the rst cycle, lead to a signi-
cant capacity decrease in both MELLO and HELLO. The higher
concentration of migrated TM cations, O2 formation, and
secondary phase formation, as well as the layered-to-spinel
phase transition in the form of LiTiO2, might explain the
larger capacity fading in the HELLO system.

4 Conclusions

In this study, we synthesized and characterized twomulti-doped
Li-rich layered oxide (LLO) systems to explore their structural
and electrochemical properties. We observed a preferential Ni/
Li interchange in both LLOs, with a higher tendency in the
presence of larger ionic radius cations, namely Ti. Furthermore,
we found simultaneous oxygen dimer formation and TM
migration during delithiation. The formation of dimers is
attributed to the removal of Li at TM layers as well as to the TM
vacancies created by the TMmigration, which results in isolated
unstable oxygen anions. This phenomenon is particularly
observed under conditions of extreme delithiation. Partial
oxygen dimerization and TM migration contribute to the
observed irreversible capacity loss, correlating with the
concentration of formed oxygen dimers.
J. Mater. Chem. A
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We further investigated the tendency for secondary phase
formation. Our ndings indicate a thermodynamically favor-
able mechanism for this process. The secondary phase forma-
tion can be viewed as a reaction product between unfavorably
oxidized oxygen anions and TM cations that are not stable at TM
sites during cycling. Our calculations show that the formation
of secondary phases, such as MnO2 and TiO2, decreases the
overall activity of TM cations in the primary phase. Due to this
and the likely lower electronic and ionic conductivity of
secondary phases, their formation can reduce the capacity of
these materials. In particular, we found a formation of a spinel
LiTiO2 phase in the system with the largest capacity fading. We
examined the implications of the high-entropy effect on mate-
rial stability. Our analysis indicates that entropy does not play
a role in stabilizing these materials throughout the cycling
process. Notably, HELLO, despite its higher theoretical cong-
urational entropy, exhibits even poorer stability. This observa-
tion suggests that a simple increase in the congurational
entropy by integrating a large number of various elements does
not necessarily improve cyclability. Furthermore, our investi-
gation suggests that the increased disorder inherent in high-
entropy systems may intensify certain undesirable
phenomena during cycling, such as oxygen dimerization and
TM migration. These effects can lead to phase transitions,
structural decomposition, and secondary phase formation. This
indicates that while the high-entropy approach contributes to
the stabilization of disordered phases, it can also potentially
worsen certain destabilizing processes during electrochemical
cycling. Thus, when evaluating the benets of “high-entropy”
materials, it is crucial to balance the gains in entropy-driven
stability against the potential for increased disorder-related
instabilities such as oxygen dimerization and TM migration.

Data availability

The data that support the ndings of this study are available
from the corresponding author, upon reasonable request.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

Y.-Y. T., P. M. K. and P. K. acknowledge the Jülich Aachen
Research Alliance-Center for Simulation and Data Science for
providing the computational resources (JARA-CSD, project no.
cjiek61). B. B. and S. S. acknowledge nancial support from the
KIT via the project Auto.MAP and the Helmholtz Program
“Materials Systems Engineering” under program no. 43.31.01.

Notes and references

1 D. Deng, Energy Sci. Eng., 2015, 3, 385–418.
2 Y. Liang, C.-Z. Zhao, H. Yuan, Y. Chen, W. Zhang,
J.-Q. Huang, D. Yu, Y. Liu, M.-M. Titirici, Y.-L. Chueh,
H. Yu and Q. Zhang, InfoMat, 2019, 1, 6–32.
J. Mater. Chem. A
3 Y. Ma, Y. Ma, Q. Wang, S. Schweidler, M. Botros, T. Fu,
H. Hahn, T. Brezesinski and B. Breitung, Energy Environ.
Sci., 2021, 14, 2883–2905.

4 C. M. Rost, E. Sachet, T. Borman, A. Moballegh, E. C. Dickey,
D. Hou, J. L. Jones, S. Curtarolo and J.-P. Maria, Nat.
Commun., 2015, 6, 8485.

5 A. Sarkar, B. Breitung and H. Hahn, Scr. Mater., 2020, 187,
43–48.

6 Y. Cui, P. A. Sukkurji, K. Wang, R. Azmi, A. M. Nunn,
H. Hahn, B. Breitung, Y.-Y. Ting, P. M. Kowalski,
P. Kaghazchi, Q. Wang, S. Schweidler and M. Botros, J.
Energy Chem., 2022, 72, 342–351.

7 Y. He, S. L. Dreyer, Y.-Y. Ting, Y. Ma, Y. Hu, D. Goonetilleke,
Y. Tang, T. Diemant, B. Zhou, P. M. Kowalski, M. Fichtner,
H. Hahn, J. Aghassi-Hagmann, T. Brezesinski, B. Breitung
and Y. Ma, Angew. Chem., 2023, e202315371.

8 Q. Wang, A. Sarkar, D. Wang, L. Velasco, R. Azmi,
S. S. Bhattacharya, T. Bergfeldt, A. Düvel, P. Heitjans,
T. Brezesinski, H. Hahn and B. Breitung, Energy Environ.
Sci., 2019, 12, 2433–2442.

9 A. Sarkar, Q. Wang, A. Schiele, M. R. Chellali,
S. S. Bhattacharya, D. Wang, T. Brezesinski, H. Hahn,
L. Velasco and B. Breitung, Adv. Mater., 2019, 31, 1806236.

10 A. Sarkar, R. Djenadic, N. J. Usharani, K. P. Sanghvi,
V. S. K. Chakravadhanula, A. S. Gandhi, H. Hahn and
S. S. Bhattacharya, J. Eur. Ceram. Soc., 2017, 37, 747–754.

11 H. Xiang, Y. Xing, F.-z. Dai, H. Wang, L. Su, L. Miao,
G. Zhang, Y. Wang, X. Qi, L. Yao, H. Wang, B. Zhao, J. Li
and Y. Zhou, J. Adv. Ceram., 2021, 10, 385–441.

12 R. Wang, X. Li, L. Liu, J. Lee, D.-H. Seo, S.-H. Bo, A. Urban
and G. Ceder, Electrochem. Commun., 2015, 60, 70–73.

13 D. Bérardan, S. Franger, A. K. Meena and N. Dragoe, J. Mater.
Chem. A, 2016, 4, 9536–9541.

14 J. Lee, D.-H. Seo, M. Balasubramanian, N. Twu, X. Li and
G. Ceder, Energy Environ. Sci., 2015, 8, 3255–3265.

15 A. Sarkar, L. Velasco, D. Wang, Q. Wang, G. Talasila, L. de
Biasi, C. Kübel, T. Brezesinski, S. S. Bhattacharya, H. Hahn
and B. Breitung, Nat. Commun., 2018, 9, 3400.

16 Z. Lun, B. Ouyang, D.-H. Kwon, Y. Ha, E. E. Foley,
T.-Y. Huang, Z. Cai, H. Kim, M. Balasubramanian, Y. Sun,
J. Huang, Y. Tian, H. Kim, B. D. McCloskey, W. Yang,
R. J. Clément, H. Ji and G. Ceder, Nat. Mater., 2021, 20,
214–221.

17 C. S. Johnson, J.-S. Kim, C. Leef, N. Li, J. T. Vaughey and
M. M. Thackeray, Electrochem. Commun., 2004, 6, 1085–1091.

18 Y. Xie, Y. Jin and L. Xiang, Particuology, 2022, 61, 1–10.
19 Z. Lu, D. D. MacNeil and J. R. Dahn, Electrochem. Solid-State

Lett., 2001, 4, A191.
20 W. Zuo, M. Luo, X. Liu, J. Wu, H. Liu, J. Li, M. Winter, R. Fu,

W. Yang and Y. Yang, Energy Environ. Sci., 2020, 13, 4450–4497.
21 H.-Y. Jang, D. Eum, J. Cho, J. Lim, Y. Lee, J.-H. Song, H. Park,

B. Kim, D.-H. Kim, S.-P. Cho, S. Jo, J. H. Heo, S. Lee, J. Lim
and K. Kang, Nat. Commun., 2024, 15, 1288.

22 M. Sathiya, G. Rousse, K. Ramesha, C. P. Laisa, H. Vezin,
M. T. Sougrati, M.-L. Doublet, D. Foix, D. Gonbeau,
W. Walker, A. S. Prakash, M. Ben Hassine, L. Dupont and
J.-M. Tarascon, Nat. Mater., 2013, 12, 827–835.
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta06030j


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

4 
9:

25
:2

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
23 K. Luo, M. R. Roberts, R. Hao, N. Guerrini, D. M. Pickup,
Y.-S. Liu, K. Edström, J. Guo, A. V. Chadwick, L. C. Duda
and P. G. Bruce, Nat. Chem., 2016, 8, 684–691.

24 G. Assat and J.-M. Tarascon, Nat. Energy, 2018, 3, 373–386.
25 H. Konishi, T. Hirano, D. Takamatsu, A. Gunji, X. Feng and

S. Furutsuki, J. Power Sources, 2015, 298, 144–149.
26 S. H. Lee, J.-S. Moon, M.-S. Lee, T.-H. Yu, H. Kim and

B. M. Park, J. Power Sources, 2015, 281, 77–84.
27 G. Assat, D. Foix, C. Delacourt, A. Iadecola, R. Dedryvère and

J.-M. Tarascon, Nat. Commun., 2017, 8, 2219.
28 G. Assat, S. L. Glazier, C. Delacourt and J.-M. Tarascon, Nat.

Energy, 2019, 4, 647–656.
29 P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau,

M. Buongiorno Nardelli, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna,
I. Carnimeo, A. Dal Corso, S. de Gironcoli, P. Delugas,
R. A. DiStasio, A. Ferretti, A. Floris, G. Fratesi, G. Fugallo,
R. Gebauer, U. Gerstmann, F. Giustino, T. Gorni, J. Jia,
M. Kawamura, H.-Y. Ko, A. Kokalj, E. Küçükbenli,
M. Lazzeri, M. Marsili, N. Marzari, F. Mauri, N. L. Nguyen,
H.-V. Nguyen, A. Otero-de-la Roza, L. Paulatto, S. Poncé,
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