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Thackeraya and Eungje Lee*a 

A novel LiMn0.5Ni0.5O2 cathode with a predominant, partially-
disordered lithiated-spinel structure has been prepared by a ‘low 
temperature’ (LT) synthesis. Li/LT-LiMn0.5Ni0.5O2 cells operate 
between 5.0 and 2.5 V with good cycling stability, yielding a 
capacity of 225 mAh/g, principally by redox reactions on the nickel 
ions on distinct voltage plateaus at ~3.6 V and ~4.6 V. 

The growing penetration of lithium-ion batteries (LIBs) into the 
transportation- and stationary-storage markets requires low-
cost, high-capacity cathode materials. Recent development of 
layered Li(Ni1-x-yMnxCoy)O2 cathodes (NMCs) has focused on 
increasing the nickel content while decreasing the cobalt 
content to optimize energy and cost. However, the structural 
and thermal instability of Ni-rich oxides pose concerns about 
their long-term viability.1 There is, therefore, a need to develop 
new cathode materials based on inexpensive, earth-abundant 
elements, such as Mn and Fe, for further growth and long-term 
sustainability of the market.1,2

LiMn2O4 (spinel-type) and LiFePO4 (olivine-type) cathodes 
dominated the early development of commercial LIBs for 
electric vehicles.3,4 While NMC cathodes have largely replaced 
LiMn2O4 because of their superior electrochemical capacity, 
LiFePO4 remains attractive as a low-cost alternative.5 
Nevertheless, the family of spinels, Li[M2]O4, remains an 
important electrode class because the [M2]O4 framework 
provides a unique, interconnected 3-D pathway for rapid 
lithium-ion diffusion during charge and discharge. Furthermore, 
the selection of the metal cations, M, can be used to tailor the 
voltage of the spinel cell. From this standpoint, there are still 
opportunities to exploit spinel oxides for next-generation 
cathodes. For example, a ~4.7 V Li/Li1-xMn1.5Ni0.5O4 (0≤x≤1) cell 
provides an attractive energy density of ~590 Wh/kg relative to 

a 4.1 V Li/Li1-xMn2O4 cell (~490 Wh/kg).6 Although further 
discharge of both these cells can occur at 3 V to form lithiated-
spinels, Li2Mn1.5Ni0.5O4 and Li2Mn2O4, respectively, the 
reversibility of these reactions is compromised by a 
crystallographic ‘Jahn-Teller’ distortion induced by Mn3+ ions.4 
In principle, such lithiated-spinel materials, which would allow 
lithium battery manufacturers to assemble higher capacity cells 
in a completely discharged state, are typically prepared by 
impractical soft chemistry methods such as the chemical 
lithiation of LiMn1.5Ni0.5O4 and LiMn2O4 with butyllithium.7,8 

In the early 1990s, Gummow et al. reported a ‘low-
temperature’ form of LiCoO2 (LT-LiCoO2) and Ni-substituted 
derivatives (LT-LiCo1-xNixO2, x<0≤0.2) with a lithiated-spinel-
type structure.9-12 Unfortunately, their low specific capacity 
(<130 mAh/g), poor cycling stability, and the high cost of cobalt 
diverted attention from these materials. Nevertheless, 
motivated by the high intrinsic capacity and the 3-D Li-ion 
diffusion pathways of fully-lithiated spinel structures, we 
recently explored various substituted LT-LiCo1-xMxO2 materials, 
in which Co is partially replaced by an electrochemically-inactive 
M cation, such as Al3+ or Ga3+.13-15 These studies revealed that 
Al-substituted LT-LiCo1-xAlxO2 (LCAO) cathodes operate with 
greatly improved cycling stability and ‘zero-strain’ behavior.15 
Furthermore, the electrochemical signature of LT-LiCo1-xAlxO2 
differs significantly from lithiated-spinel LT-LiCoO2 and LT-LiCo1-

xNixO2 electrodes, exhibiting apparent single-phase behavior 
during electrochemical cycling, rather than the typical two-
phase behavior expected of an ideally-configured spinel 
electrode. This difference in behavior was attributed to a small 
amount of cation disorder between the octahedrally-
coordinated Li+, Co3+, and Al3+ ions. 

Here, we report a new, polymorphic form of LiMn0.5Ni0.5O2.  
It has a partially-disordered rock salt structure with 
predominant lithiated-spinel-like character. This cathode 
material, denoted LT-LiMn0.5Ni0.5O2 (or LT-Li2MnNiO4 in 
lithiated-spinel notation) to differentiate it from the layered, 
‘high-temperature’ HT-LiMn0.5Ni0.5O2 polymorph, delivers a 
high specific capacity (225 mAh/g) with good cycling stability 
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over 50 cycles.  X-ray diffraction (XRD), high-angle annular dark-
field - scanning transmission electron microscopy (HAADF-
STEM), and electrochemical methods have been used to probe 
the structural and electrochemical properties of the electrode. 
The discovery of LT-LiMn0.5Ni0.5O2, in which the nickel ions play 
a significant role in generating stable electrochemical capacity 
with only a small change to the volume of the cubic unit cell, 
holds promise for developing a high-capacity, Co-free cathode 
for an all-solid-state lithium-ion cell.

LT-LiMn0.5Ni0.5O2 was synthesized by the solid-state reaction 
of Li2CO3 and Mn0.5Ni0.5(OH)2 precursors in air at 400 C, the 
synchrotron XRD pattern of which (Fig. 1a) could be indexed to 
a cubic unit cell with a lattice parameter, a = 8.217 Å. In 
contrast, the layered polymorph, HT-LiMn0.5Ni0.5O2 prepared at 
900 C in oxygen, has a trigonal unit cell with a c/a ratio = 4.95 
in which the Li+ and Ni2+ ions are disordered between the layers 
by ~11%.16 This difference in crystallographic symmetry is 
evident from the distinct splitting of the (440) peak of cubic LT-
LiMn0.5Ni0.5O2 at approximately 4.62 2θ (i.e., ~65 2θ with CuKα 
radiation) into the (110) and (108) peaks of trigonal HT-
LiMn0.5Ni0.5O2 (Fig. S1).

Given the apparent single-phase character of the 
synchrotron XRD pattern of LT-LiMn0.5Ni0.5O2, Rietveld 
refinements were undertaken to determine the structure-type 
and the extent of disorder, if any, between the lithium, 
manganese, and nickel ions on the octahedral sites of the cubic-
close-packed oxygen array. When constraining the Mn:Ni ratio 
of 1:1, a good fit to the XRD data was achieved with a cubic 
lithiated-spinel model, Li2(16c)M2

(16d)O4 (M=Mn, Ni; space group 
Fd-3m), in which 16.6% (~1/6) of the Li ions on the 16c sites 
were exchanged with Mn/Ni ions on the 16d sites, thereby 
yielding a disordered rock salt configuration with strong 
lithiated-spinel character, (Li0.83M0.17)2

(16c)[Li0.17M0.83]2
(16d)O4 

(Fig. 1a). This level of Li/M site-exchange is significantly higher 
than it is in the Co-based lithiated-spinel material, LT-
LiCo0.85Al0.15O2 in which there is only ~2% of site-exchange 
between the lithium and cobalt/aluminum ions.15 The weighted 
Rwp factor for this refinement was 8.56%.

Fig. 1 Rietveld refinement of LT-LiMn0.5Ni0.5O2 with (a) partially-
disordered lithiated-spinel and (b) partially-disordered layered 
models.

Remarkably, an essentially identical fit to the XRD data of LT-
LiMn0.5Ni0.5O2 was obtained with a disordered, layered model 
(Li0.838M0.162)(3a)[Li0.0.162M0.838](3b)O2 (space group R-3m) in which 
16.2% (~1/6) of the M ions on the 3b sites are located in the 3a 

sites of the Li-rich layers of an essentially cubic-close-packed 
structure, and vice versa (Fig. 1b). In this case, the weighted Rwp 
factor was 8.80%. Refinement of this model with R-3m 
symmetry yielded a c/a ratio = 4.92 which is close to the 
theoretical ratio for a cubic unit cell (c/a = 4.90) and significantly 
less than that of HT-LiMn0.5Ni0.5O2 with ~11% disorder (c/a = 
4.95).16 Note that a perfectly ordered cubic, lithiated-spinel 
structure, such as Li2[Co2]O4 (LT-LiCoO2) and its layered 
counterpart, LiCoO2, would have an identical atomic vector 
space and hence an identical X-ray diffraction pattern, but only 
if the layered LiCoO2 structure is ideally cubic-close-packed 
(c/a=4.90) which, in practice, it is not (c/a=4.99).17  Note also 
that the average degree of disorder in such LT-LiMn0.5Ni0.5O2 

model structures, 16-17%, lies between that observed in 
layered HT-LiMn0.5Ni0.5O2 (~11%)16 and the cation distribution in 
an ideal, ordered lithiated-spinel structure, such as 
Li2(16c)[Mn2](16d)O4 (or hypothetical LT-Li2(16c)[MnNi](16d)O4), in 
which 25% of the transition metal ions reside in 16d sites in the 
lithium-rich layers, and 25% of the lithium ions reside in 16c 
sites in the transition-metal-rich layers.

Because the X-ray diffraction pattern of the LT-
LiMn0.5Ni0.5O2 electrode reflects an averaged atomic 
arrangement, a Rietveld refinement of a cubic LiMn0.5Ni0.5O2 

model structure composed of regions with fully-ordered 
lithiated-spinel, Li2[MnNi]O4, and partially-disordered, layered 
HT-LiMn0.5Ni0.5O2 arrangements could, in principle, also yield a 
structure with an apparent 16-17% (~1/6) disorder of the 
lithium and transition metal ions. This possibility complicates 
the interpretation of the structural refinement.  However, given 
the 11% disorder between the lithium and nickel ions in layered 
HT-LiMn0.5Ni0.5O2,16 we suspect, likewise, that the disorder in 
the LT-LiMn0.5Ni0.5O2 structure occurs between the lithium and 
nickel ions such that the nickel ions reside only in the lithium-
rich layer, thereby bringing some equivalence to the X-ray 
diffraction patterns of the partially-disordered lithiated-spinel 
and layered models.  Furthermore, from a crystallographic 
standpoint, the degree of disorder (~1/6), suggests that there 
may likely be ‘order within the disorder’ and, therefore, that the 
lithiated-spinel and layered structures would have lower 
symmetry than their parent space groups, Fd-3m and R-3m, 
respectively.  Such ordering, rather than a random disorder of 
the lithium and transition-metal ions in alternate layers, would 
enhance 2-D diffusion within the layered arrangements and 3-
D diffusion within the lithiated-spinel arrangements of the 
structure.

A scanning electron microscopy image of LT-LiMn0.5Ni0.5O2 
shows a spherically shaped, secondary particle morphology 
with a particle-size distribution from 5 to 15 µm in diameter (Fig. 
2a). To observe the internal atomic structure of the secondary 
particle, the LT-LiMn0.5Ni0.5O2 sample was cross-sectioned by 
focused ion-beam milling. The HAADF-STEM image in Fig. 2b 
shows atomic arrangements consistent with the [110] zone axis 
of a lithiated-spinel structure. In the magnified image of Fig. 2b, 
the atomic contrast in the high-resolution image perfectly 
matches the [110] directional view of the lithiated-spinel model, 
in which the magenta and yellow spots represent M-only and 
mixed M/Li columns, respectively. The atomic contrast in the 
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LT-LiMn0.5Ni0.5O2 images is significantly less pronounced than it 
is in images of the well-ordered lithiated-spinel LT-LiCoO2 
structure.13 Inspection of multiple images revealed localized 
domains that could be assigned predominantly to lithiated-
spinel and layered atomic arrangements, but also to some more 
highly disordered rock salt regions (Figs. 2c and d). 

Fig. 2 (a) SEM and (b-d) HAADF-STEM images of LT-
LiMn0.5Ni0.5O2.

Fig. 3a shows the electrochemical signature of a Li/LT-
LiMn0.5Ni0.5O2 cell when cycled between 5.0 and 2.5 V. After one 
formation cycle, the cell shows stable cycling behavior while 
delivering a cathode capacity of 225 mAh/g. The charge profile 
is characterized by two dominant voltage ‘plateaus’, centered 
at ~3.75 V and ~4.7 V during charge, and at ~4.6 V and ~3.5 V 
during discharge. The dQ/dV plot in Fig. 3b reveals that the ‘low-
voltage’ (LV) plateau is associated with two processes at 3.5 and 
3.6 V that can be attributed to lithium extraction from 
octahedral sites and nickel oxidation in the delithiated spinel 
and layered regions of the electrode structure, respectively. The 
‘high-voltage' (HV) plateau is associated with three distinct 
processes, the first of which at ~4.5 V is attributed to lithium 
extraction from tetrahedral sites and nickel oxidation in the 
spinel and layered domains while the two, relatively weak, but 
pronounced, reactions seen in the dQ/dV plot between 4.6 and 
4.7 V are attributed, tentatively, to further nickel oxidation and 
the participation of oxygen ions in the electrochemical reaction 
(Table S1). Preliminary ex-situ X-ray absorption spectroscopy 
(XAS) data confirm that the redox reactions occur principally on 
the nickel ions, and that the manganese and nickel ions in 
pristine and cycled (discharged) LT-LiMn0.5Ni0.5O2 electrodes are 
predominantly tetravalent and divalent, respectively, as they 
are in HT-LiMn0.5Ni0.5O2 (Fig. S2). A weak peak at 3 V in the 
dQ/dV plot of the discharge reaction and a slight shift in the Mn 
K-edge XAS spectrum indicates a minimal Mn4+/3+ redox reaction 
in the spinel-like domains (Fig. 3b). 

The LV plateau on the initial charge corresponds to the 
extraction of 0.45 Li from the LT-LiMn0.5Ni0.5O2 electrode and a 
specific capacity of ~130 mAh/g, while the HV plateau accounts 
for further extraction of 0.4 Li and a specific capacity of 110 
mAh/g (Fig. 3a); these two plateaus are attributed to lithium 

extraction from octahedral and tetrahedral sites, respectively.  
On the subsequent discharge, the HV capacity decreases to ~50 
mAh/g ( 0.2 Li intercalation) while the LV capacity increases to 
~170 mAh/g (0.6 Li intercalation).  We tentatively ascribe this 
asymmetry in electrochemical behavior (polarization) to subtle 
structural changes that ease the extraction of lithium during the 
charging process, and to reverse effects during discharge.  
Despite these polarizing effects, our preliminary results 
demonstrate that Li/LT-LiMn0.5Ni0.5O2 cells cycle with good 
electrochemical stability between 5.0 and 2.5 V, yielding ~96% 
capacity retention over 50 cycles (Fig. 3c), during which the 
electrochemical profile changes slightly. Furthermore, XRD 
patterns of cycled electrodes show no evidence of any 
significant structural degradation (Fig. S3).

Fig. 3 (a) Voltage profiles of Li/LT-LiMn0.5Ni0.5O2 cells (i = 15 
mA/g), (b) corresponding differential capacity (dQ/dV) plot (2nd 
cycle), and (c) cycling stability (open = charge, solid = discharge).

Viewed overall, the XRD data, electrochemical profile, 
dQ/dV plot, and HAADF-STEM images support a complex 
structural model for LT-LiMn0.5Ni0.5O2 with predominant, 
disordered lithiated-spinel character, which coexists with 
disordered layered-like domains, while the high, accessible 
capacity (225 mAh/g) likely reflects cation ordering, rather than 
a random disorder.

Synchrotron XRD patterns of LT-LiMn0.5Ni0.5O2 electrodes, 
collected ex situ at different states-of-charge during the initial 
charge, reveal that the (111) peak shifts reversibly during 
cycling (Fig. 4, left and middle panels) and that the close-packed 
oxygen array of the structure maintains its cubic symmetry. 
During charge and discharge, the unit cell volume contracts and 
expands by only 2.7%, which is significantly less than the volume 
change observed in the spinel electrodes, LixMn2O4 (16%) and 
LixMn1.5Ni0.5O4 (12%), over the wide compositional range 
0≤x≤2.18-19 Note that the (113) and (222) peaks show reversible 
changes, not only in their 2θ positions but also in their peak 
intensities (Fig. 4, right panel), confirming reversible atomic 
rearrangements within the structure. A Rietveld refinement of 
a delithiated LT-Li1-xMn0.5Ni0.5O2 electrode after charging to 4.2 
V is consistent with a spinel-like structure in which Li occupies 
tetrahedral sites (Fig. S4).
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Fig. 4 Synchrotron XRD patterns of LT-LiMn0.5Ni0.5O2 electrodes 
at various states of charge (1st cycle).

When lithium- and manganese-rich electrodes, such as 
layered Li1.13Mn0.57Ni0.30O2 (alternatively, 
0.3Li2MnO30.7LiMn0.5Ni0.5O2)20 and spinel Li4Mn5O12

21, are 
charged repeatedly to potentials above 4.6 V, lithium is 
extracted with concomitant oxygen loss (net loss = Li2O).  In the 
former case, electrochemical cycling is accompanied by voltage 
fade and the gradual migration of cations from one layer to the 
next,20 while lithium and oxygen loss from Li4Mn5O12 
(2Li2O5MnO2) results in an electrochemical profile that 
increasingly resembles that of a Li-rich Li1+xMn2-xO4 spinel 
electrode (0<x<0.33) with a composition between LiMn2O4 and 
Li4Mn5O12.21  In contrast, LT-LiMn0.5Ni0.5O2, which is not lithium-
rich, has an electrochemical profile that is notably more tolerant 
and stable to repeated charging to 5 V (Fig. 3a) illustrating the 
superior robustness of the partially-disordered lithiated-spinel 
electrode.  It should be noted that LT-LiMn0.5Ni0.5O2 can also be 
regarded, overall, as having a partially-disordered rock salt 
structure, which delivers most of its capacity in two discrete 
steps centered at ~4.6 V and ~3.5 V during discharge, unlike the 
Li-rich, disordered rock salt electrode structures described by 
Meng et al.22 and partially-disordered lithium-metal oxyfluoride 
rock salt electrodes reported by Ceder et al.23 that discharge 
their capacity with a continuous drop in voltage between 4.7 
and 1.5 V. 

The comparison of the Li intercalation potentials of various 
spinel cathodes emphasizes the versatility of lithium-
manganese-oxide and nickel-substituted spinel electrode 
structures and compositions in tailoring the voltage of a lithium 
cell (Table S1). While a LixMn2O4 spinel electrode (0≤x≤2) 
delivers its capacity over two distinct plateaus at 3.0 and 4.1 V 
involving manganese redox reactions, the nickel-substituted 
LixMn1.5Ni0.5O4 spinel electrode involves both manganese and 
nickel redox reactions at 3.0 and 4.7 V, respectively. On the 
other hand, the LT-LiMn0.5Ni0.5O2 lithiated-spinel configuration 
identified in this preliminary study operates predominantly by 
redox reactions at 3.6 and 4.6 V on the nickel ions and, likely, by 
some oxygen redox above 4.7 V.  The electrochemical reaction 
also includes a minor amount of manganese redox at 3 V.  Of 
particular significance is that LT-LiMn0.5Ni0.5O2 offers the highest 
average voltage of these cobalt-free spinel systems.

The discovery of LT-LiMn0.5Ni0.5O2, not only expands the 
compositional space of the known spinel family; it also holds 
promise for designing a solid-state Li4Ti5O12/LT-LiMn0.5Ni0.5O2 
‘spinel-lithiated spinel’ cell that would operate between 3.0 and 

2.0 V.   The concept of exploiting partially-disordered lithiated-
spinel electrodes certainly warrants further study and 
understanding, both experimental and theoretical, as does the 
unique structural relationship that appears to exist between 
lithiated-spinel and layered cation arrangements in LT-
LiMn0.5Ni0.5O2. 
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