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ABSTRACT: Many Li-ion cathode materials transform via
two-phase reactions, which can lead to long-term structural
damage and limited cyclability. To elucidate the coupling
between favorable solid-solution Li intercalation and the
underlying cation ordering, we take the high-voltage spinel,
LixNi0.5Mn1.5O4 (0 ≤ x ≤ 1), as a case example. Through
grand canonical Monte Carlo (MC) simulations based on the
ab initio cluster expansion model, we show a striking
dependence between the solid-solution phase domain and
the Ni−Mn cation ordering. The perfectly ordered LixNi0.5-
Mn1.5O4 spinel resists solid solution until very high temperatures, but introducing various degrees of Ni−Mn cation disorder
results in a dramatic increase in stability for a single-phase reaction, particularly at high Li contents. This opens up the possibility
of designing single-phase reaction materials via targeted cation ordering, and to this end, we show that a uniformly distributed
cation high-voltage spinel has access to solid solution throughout the entire Li composition range at room temperature.
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■ INTRODUCTION

Several well-known Li-ion battery electrode materials are
known to transform according to wide-range two-phase
reaction mechanisms.1−8 A two-phase reaction process and
the accompanying mechanical strain due to coexisting phases
with significantly different crystallographic dimensions within
the same particle are likely to cause irreversible long-term
structural damage to the material during cycling, thus limiting
the lifetime of the battery. The nucleation and growth processes
in a two-phase reaction will add extra kinetic barriers to the
lithiation and delithiation. Furthermore, the sloping voltage
profile associated with a single-phase reaction presents easier
and cheaper monitoring of the state of charge of the battery, as
compared to a flat voltage curve associated with a two-phase
reaction. Thus, it is desirable to design or modify cathode
materials to enhance the accessibility of the solid-solution phase
domain and transform via a single-phase reaction, without
sacrificing other favorable properties.
Previous work has shown promise in this direction through

defect chemistry, substitutions, and size-control, especially for
LiFePO4.

1,7,9−12 Delacourt et al.9 demonstrated the existence of
complete single-phase LixFePO4 solid solution at high temper-
atures (350 °C) as opposed to the classical RT two-phase
description. Gibot et al.12 showed that a substantial
concentration (20%) of Li/Fe antisite defects and vacancies
together with nanosizing (40 nm) in LiFePO4 induces solid
solution even at RT. However, the exact reaction mechanism of
LiFePO4 remains in debate as Malik et al.1 suggested that the
material preferentially transforms through rapid short-range
order or solid-solution nonequilibrium reactions, and then

relaxes to the ground-state two-phase state. In other cathode
materials, defect substitutions in the Mn spinel (see, e.g., Hong
et al.10 and references therein) and Ti substitutions for Fe in
the Nasicon LiTi2(PO4)3 have been shown to increase the
single-phase domain behavior.11 There is evidence of
controlling the phase behavior of cathode materials by
manipulating the particle size alone. Wagemaker et al.7 showed
that very small (7 nm) particle anatase TiO2 can host up to 0.21
Li/Ti as compared to 0.03 Li/Ti for microcrystalline particles,
which is believed to be associated with the extension of the
solid-solution phase domain due to the nanosizing. However,
the hitherto applied approaches may present other drawbacks
for the battery material performance. Defects12 or substitutions
with inactive cations13,14 will lower the inherent capacity of the
material, and nanosizing15,16 generally leads to increased
reactivity with the electrolyte as well as lower energy density
of the composite electrode. The question arises whether we can
design electrode materials for single-phase reaction using the
inherent chemistry of the system while preserving the overall
qualities of the material.
In this paper, we use first-principles grand canonical MC

simulations to establish and invert the relation between cation
ordering and the existence of RT accessible solid-solution
transformation paths as a function of Li content and
temperature. We choose to demonstrate the approach on a
promising high-energy density cathode material: the high-
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voltage spinel, LiNi0.5Mn1.5O4, which exhibits fair capacity
(≈150 mAh/g) and rate capability.17,18 The high-voltage spinel
is a suitable candidate for this study as it displays a variety of
equilibrium Li-vacancy two-phase transformation processes8

depending on the cation ordering and we can study several
cases within the same structural and chemical system. By
manipulating the cation arrangement, we find a striking
dependence between the preferred Li reaction mechanism
and the inherent cation ordering, which is corroborated by
existing experiments. Finally, we utilize the relationship to
identify a cation arrangement for achieving solid-solution
behavior at RT for all Li compositions.

■ COMPUTATIONAL MODEL AND METHODOLOGY
Depending on the synthesis procedure, the LixNi0.5Mn1.5O4 (0 ≤ x ≤
1) system exhibits two overall cation arrangements, one of which is
illustrated in Figure 1.18,19 In this perfectly ordered arrangement, the

Ni and Mn ions are located at 4b and 12d sites, respectively. The 8a
sites can be occupied by Li ions or remain vacant (labeled “VA”
hereafter) depending on the state-of-charge (see Figure 1). The ionic
configuration of this unit cell corresponds to the P4332 space group. In
the cation-disordered material, the Ni and Mn ions are distributed
randomly on any of the 4b and 12d sites and the corresponding ionic
configuration belongs to the Fd3 ̅m space group. Within the disordered
material, we find it instructive to study local cation arrangements and
their contribution to the properties of the material. Specificially, within
any random cation ordering, the local cation arrangement that has the
highest number of permutations, that is, occupies the highest degree of
the configuration phase space, is a uniform distribution of the Ni and
Mn ions in which the Ni ions are uniformly distributed on the 4b and
12d sites, with no distinction between them, forming an fcc sublattice.
The atomic structure of this uniform distribution is illustrated in the
Supporting Information. Although several research teams infer small
amounts of oxygen deficiency in the disordered material from the
oxygen gas evolution during synthesis and the Mn3+ content,20−23 the
observed phenomena can also be explained by the formation of
impurity phases, such as rocksalt. Indeed, a recent neutron diffraction
measurement by Cabana et al. finds no evidence of oxygen vacancies
and suggests no correlation between the oxygen deficiency and the
Mn3+ formation.24 In this work, no oxygen vacancies are included as
we aim to deconvolute the influence of impurity phases and ions from
the intrinsic behavior of the material and study solid solution as a
function of cation ordering in a general perspective.

The LixNi0.5Mn1.5O4 system is described using a cluster expansion
based on a total of 251 density functional theory data sets mapping out
the connection between the Li/VA and Ni/Mn interactions.8 Using
this converged and bench marked set of interactions, we perform
grand canonical MC simulations by perturbing the Li/VA arrangement
for a range of fixed Ni/Mn arrangements. We excluded possible Li
insertion/extraction from octahedral sites for two reasons: Li is less
stable at the octahedral site, whichif utilized in the redox process
typically results in a significant voltage drop to lower than 3 V.25−27

This lower-voltage capacity is also usually accompanied by a severe
phase transformation and rapid capacity fade.25 Most Li-ion battery
applications limit the useful voltage range to >2.7 V, and hence, we
excluded octahedral Li insertion/extraction from our investigation.

Figure 1. Illustration of the ordered Li0.5Ni0.5Mn1.5O4 (P4332 space
group). The tetrahedral (8a) and octahedral (4b and 12d) sites as well
as the lattice parameter a0 are indicated. Blue lines indicate the
preferred Li/VA ordering following a zigzag pattern.8

Figure 2. Phase diagram in T−x space for the (a) ordered, (b) 1/32-deviated, (c) 1/16-deviated, and (d) 1/4-deviated arrangements. “1/n-deviated”
indicates that one Ni ion per n Ni ions is deviated from the perfectly ordered arrangement (e.g., exchanged site with a Mn ion). This model is not
intended to capture true disorder in a large sample, but to illustrate the effect of local deviations from perfect cation ordering on the phase behavior.
“SS” and “2P” indicate solid-solution and two-phase reaction regions, respectively. Panels (e)−(h) are the voltage profiles calculated at 300 K
corresponding to (a)−(d), respectively.
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During the grand canonical MC simulation, the grand potential Ω is
obtained: Ω = E − μLixLi, where E is the energy of system, μLi is the Li
chemical potential, and xLi is the Li content. Within the formalism of a
grand canonical ensemble, the Li chemical potential μLi is fixed but xLi
is allowed to change. The free energy calculation, in principle, requires
a prediction of the total energy as a function of all possible ionic
configurations, which is intractable. Instead, we first calculate the free
energy difference by thermodynamic integration of the grand potential
and then calculate the free energy with respect to a reference free
energy Φ(T0, μ0): Φ(T0, μ) = Φ(T0, μ0) − ∫ μ0

μ ⟨N(T0, μ)⟩dμ (along a
fixed temperature), or Φ(T, μ0)/kT = Φ(T0, μ0)/kT + ∫ T0

T {⟨E(T, μ0)⟩
− μ⟨N(T, μ0)⟩}dβ (along a fixed chemical potential). Although the
energy and free energy are the same at 0 K, the energy at 0 K is not a
good choice for Φ(T0, μ0) as it causes the infinity to be included in the
thermodynamic integration along a fixed chemical potential. Instead,
we calculate the free energy at 25 K by a low-temperature expansion
and use it for Φ(T0, μ0). The phase boundary is determined by finding
discontinuities in the free energy or the derivative of the free energy
with respect to Li chemical potential and temperature. For further
details on the methodology, we refer the reader to refs 28 and 29.
One phase diagram is constructed by scanning the Li/VA phase

space while changing the chemical potential from −6.8 eV/particle to
−6.3 eV/particle at an interval of 0.01 eV/particle and the temperature
from 50 to 1200 K at an interval of 50 K. In each case of the chemical
potential and temperature, two simulations are performed for two
different initial Li contents, fully lithiated and delithiated, to simulate
the charge and discharge process, respectively. In each simulation, the
total number of MC steps and equilibrium steps are set to 20 million
and 1 million, respectively, and the convergence of each simulation is
validated by the agreement between the charge and discharge process.
From analysis of the free energy as a function of temperature and the
chemical potential, we track the phase boundaries in the phase diagram
in T−μ space. The phase diagram in T−μ space is then converted to
the phase diagram in T−x space by finding the Li content
corresponding to the chemical potential at the phase boundary.
Furthermore, from analysis of the chemical potential versus the Li
content, we obtain the voltage profile at finite temperatures.

■ RESULTS AND DISCUSSION

We obtain the phase diagrams and RT voltage profiles for the
perfectly ordered and partially ordered Ni/Mn arrangements
using a 2[100] × 2[010] × 2[001] supercell that contains 64 Li,
32 Ni, 96 Mn, and 256 O ions. The resulting T−x phase
diagrams are shown in Figure 2. In a perfectly ordered
structure, the ground-state two-phase region is stable until T =
1200 K (see Figure 2a), although the range of Li content
corresponding to the two-phase region is slightly reduced at the
end of charge/discharge at higher temperatures. This persistent
two-phase behavior is a direct result of the incompatibility
between the preferred zigzag Li/VA ordering (see Figure 1)
and the fixed Ni/Mn distribution in the ordered phase, which
was explored by the cluster expansion method in our previous
work.8 The corresponding voltage curve at 300 K exhibits a flat
profile at around 4.6 V, the magnitude of which is in excellent
agreement with experimental observations.18,19 However, most
experimental observations of phase evolution in the P4332
(ordered) LixNi0.5Mn1.5O4 as a function of Li content show a
two-phase region at low Li contents up to approximately xLi =
0.6−0.7, followed by a predominant solid-solution-like single-
phase at high Li contents.18,30,31 To reconcile these findings
with ours, we acknowledge that any real “ordered” P4332
sample exhibits short-range cation disorder, to varying degrees.8

To investigate how deviations from perfect cation ordering
affects the phase behavior, we calculate the phase diagram for
several cases of “1/n-deviated” Ni/Mn arrangements, where “1/
n-deviated” indicates that one Ni ion per n Ni ions is deviated

from the perfectly ordered arrangement. The results are
presented in Figure 2b−d. We observe that, as cation disorder
is gradually introduced into our model system, the stability of
the solid-solution region is enhanced, particularly in the high
Li-content region. For the 1/4-deviated arrangement (one Ni
out of four is deviated from the perfectly ordered arrangement),
the solid solution becomes stable already at 410 K for xLi > 0.6
and at 800 K for 0 < xLi < 0.6. We emphasize that the
occurrences of spurious intermediate ordered phases (e.g., xLi ∼
0.6 and xLi ∼ 0.9) in the 1/16- and 1/4-deviated model systems
are due to the particular cation ordering in this relatively small
supercell and are unlikely to manifest in any realistic sample.
Thus, we find that, depending on the degree of ordering of the
P4332 sample, the solid-solution region dominates at high Li
contents with a preferred two-phase behavior at lower Li
contents, which is compatible with experimental results.
To achieve an improved model of the disordered Fd3 ̅m

material, we employ a 28 000 atom large-cell random “toss-of-
the-dice” Ni/Mn arrangement, where the occupancies of the
12d and 4b sites are generated by randomly choosing Ni and
Mn while keeping the overall composition correct. The only
restriction we impose on this randomly generated Ni/Mn
cation arrangement is to minimize the number of Ni−Ni
nearest TM site neighbors as this pair interaction was found to
be highly energetically unfavorable in previous work.8 Several
differently sized supercells (2[100] × 2[010] × 2[001] and
5[100] × 5[010] × 5[001]) were examined to ensure sufficient
sample size to suppress the occurrence of spurious ordered
phases and to identify the true characteristics of the disordered
cation material. The results for the 8[100] × 8[010] × 8[001]
supercell are presented in Figure 3. The α-phase at x = 0.5 is

associated with the compatibility of the preferred Li-VA zigzag
ordering with a disordered Ni/Mn arrangement,8 and manifests
in the electrochemical voltage profile as a step of 90 meV at x =
0.5 at RT as compared to a single voltage plateau for the
ordered P4332 in Figure 2a. In agreement with our results,
numerous experimental works18,22,30,31 show a distinct voltage
step (60−80 meV) at x = 0.5 for the disordered Fd3 ̅m Ni/Mn

Figure 3. Phase diagram in T−x space for a randomized Ni/Mn
arrangement in an 8[100] × 8[010] × 8[001] supercell. The labels
“SS” and “2P” indicate solid-solution and two-phase regions,
respectively. The colored bars above the graph are reproduced results
from three different experimental studies,18,30,31 where the colors are
consistent with the color scheme of the graph and the gray segment
indicates unresolved or mixed phase behavior. The inset shows the
voltage profile calculated at 300 K.
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material as compared to the small or negligible one (10−20
meV) for the ordered P4332. Analysis of the evolution of the
calculated heat capacity as a function of temperature and Li
composition indicates a second-order transition between the α-
phase and the solid-solution region: a step discontinuity, rather
than a divergent peak, is observed in the heat capacity during
the phase transition between the α-phase and the solid-solution
region. From Figure 3, we also observe that, for a random
cation arrangement in the Ni−Mn spinel, we expect a
predominant two-phase reaction at low Li concentrations, a
phase transformation at x = 0.5 associated with the ordered Li/
VA phase, and a single-phase solid solution for x ≥ 0.5 at RT.
For comparison, in Figure 3, we reproduce the reported phase
behavior in the cation disordered Fd3̅m material from three
different experimental studies.18,30,31 In agreement with our
findings, they show pronounced solid-solution behavior in the
cation disordered Fd3 ̅m material at high Li contents. While the
overall trend points to two-phase behavior at lower Li contents
and agrees with the calculated predictions, the findings differ
somewhat between the different works. We speculate that the
differences depend on various degrees of ordering of the
samples as well as the measurement techniques.
To design a cation arrangement with an optimally increased

solid-solution domain, we use the information we have
gathered from the different “ordered” model systems and the
large random “disordered” cell. We note that the more
“disordered” the cation arrangement is (further away from
the ordered arrangement where the Ni and Mn each have their
assigned sites 4b and 12d, respectively), the more stable the
solid solution becomesacross the Li composition range. By
analyzing the random cation arrangement in the large supercell,
we also find that the local Ni/Mn cation distributions indeed
locally exhibit a “uniform” environment in ≈20−43% of the
sample (the range depending on the assumed size of a “local”
domain) due to the high occurrence (entropy) of the “uniform”
arrangement within any randomly generated large set. Hence,
we postulate that the local cation arrangement corresponding
to the highest occurrence within a random sample, that is, a
uniform dispersion of Ni and Mn on the 4b and 12d sites,
should result in the largest solid-solution domain. To confirm
our prediction, we calculate the phase diagram for a 100%
“uniform” arrangement, as shown in Figure 4. Indeed, it
manifests the lowest temperature onset of the solid solution,
around RT for the entire Li composition range except at x =
0.5, where the α-phase occurs. We acknowledge that the as-

made disordered Fd3 ̅m material, just like our large random cell,
exhibits many different local cation arrangements that deviate
from a perfectly uniform cation distribution. According to our
calculations, any such deviation will create tendencies toward
two-phase behavior, especially in the low Li content region.
Conversely, we predict that attempting to increase the
uniformity of the cation ordering by target synthesis conditions
and/or inducing cation uniformity by defect design will result
in improved access to solid solution throughout the Li
composition range. A completely “uniform” arrangement
would be considered an ordered state, which is metastable
compared to the P4332 phase but likely to be accessible, as
shown by its high local occurrence within the disordered
material. The corresponding voltage curve at RT for the
“uniform” arrangement, shown in the inset of Figure 4, exhibits
two smooth (quasi-)plateaus, one between xLi = 0 and xLi = 0.5
and the other between xLi = 0.5 and xLi = 1, decreasing
gradually with xLi and with an apparent voltage step at x = 0.5.
In this context, our results in Figures 3 and 4 demonstrate that
even stoichiometric LixNi0.5Mn1.5O4 spinels with varying
degrees of disorder can produce a sloping voltage profile at
RT (comparable to the nonstoichiometric LixNi0.5Mn1.5O4−δ)
due to the solid-solution domain at high Li contents.19,32

We now discuss the implications of our results for the
electrochemical performance of the high-voltage Ni−Mn spinel
as a function of its cation ordering. Most studies find that the
Fd3 ̅m material exhibits better rate capability and capacity
retention as compared to the ordered P4332 material (see refs
2, 18, 22, and 30 and references therein). In notable contrast,
Ma et al.17 reports very high rates (167C) and excellent
capacity retention for micrometer-sized ordered P4332, using a
specific electrode and battery design that enhances interparticle
contact and Li diffusion rates in the composite electrode. The
same electrode design was successfully used for nanometric
LiFePO4 to achieve extremely high rates.33 As both LiFePO4
and P4332 LixNi0.5Mn1.5O4 exhibit wide high-strain equilibrium
two-phase regions, it is possible that these materials are more
reliant on interparticle Li transport in order to achieve high rate
capability, which would manifest using the specialized electrode
design. Using a conventional electrode design, it has been
speculated that the inferior performance seen in electrodes
composed of P4332 originates from either one of the following
factors or a combination thereof: (i) lower ionic conductivity,22

(ii) lower electronic conductivity,23 and (iii) strain associated
with two-phase transitions in the ordered material.18 Our
investigation shows that the more ordered the material is, the
less likely it is to access any solid-solution region during the
lithiation/delithiation cycle, which should negatively impact its
cyclability and performance at higher rates. Furthermore, we
find that tuning the cation ordering toward a uniform
arrangement stabilizes the lowest solid-solution transition
temperature across the entire Li composition range. Ready
access to solid-solution lithiation reaction mechanisms at RT
should correlate with increased rate capability and cyclability, as
the nucleation process and the inherent strain associated with
sustaining two phases within the same particle can be bypassed.

■ CONCLUSION
In summary, by investigating the relationship between the
inherent Ni/Mn cation disordering and the Li/VA solid-
solution phase domain in the high-voltage LixNi0.5Mn1.5O4
spinel as a function of temperature and Li content, we find a
clear correlation between the underlying transition-metal cation

Figure 4. Phase diagram in T−x space for a “uniformly” distributed
Ni/Mn arrangement. “SS” and “2P” indicate solid-solution and two-
phase regions, respectively. The inset shows the voltage profile
calculated at 300 K.
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ordering and the preferred Li intercalation mechanism. A
perfectly cation-ordered LixNi0.5Mn1.5O4 spinel resists solid
solution until very high temperatures, but introducing various
degrees of Ni/Mn cation disorder results in a gradual increase
in stability for a single-phase reaction, particularly at high Li
contents. The cation disordered Fd3 ̅m material was modeled
using a 28 000 atom supercell and a randomized Ni/Mn
distribution, which exhibited a predominant two-phase reaction
at low Li concentrations, a phase transformation at x = 0.5
associated with the ordered Li/VA phase, and a single-phase
solid solution for x ≥ 0.5 at RT. To optimize the domain of the
solid-solution reaction, we show that a uniform distribution of
Ni/Mn ions has access to the solid-solution domain across the
Li composition range at RT, except at x = 0.5, where the
ordered Li/VA phase occurs. This uniformly “ordered” material
exhibits the best access to solid-solution lithiation reaction
mechanisms at RT across the Li composition range and should
be accessible by target synthesis conditions as a random Ni/Mn
distribution already contains a large portion of this cation
environment due to its large local contribution to the
disordered phase space. Access to solid-solution reaction
pathsthrough either stable or metastablecorrelate with
increased rate capability and cyclability due to decreased
intraparticle strain due to two-phase transitions. A design route
for room-temperature solid-solution behavior while preserving
the otherwise desirable properties of the material, such as low
surface area and inherent capacity, should generate further
interest in the battery community as well as in other application
areas, such as ionic conductors and solid oxide fuel cells.34
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