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Abstract

In this work we examine the reaction mechanisms driven by the lithiation of Li1+δMn2O4 (0 ≤ δ ≤ 

1) spinels via in operando neutron powder diffraction (NPD). New reaction mechanisms are 

proposed involving solid solution regions within both cubic and tetragonal spinel phases in 

addition to a continuous phase transition between them. In operando NPD,  is an ideal tool to 

follow the light elements such as lithium and oxygen in cathode materials which are often the key 

to fully understand their structural evolutions. Here we report a novel methodology to prepare an 

extremely thick electrode with ~ 378 mg cm-2 loading density suitable for the in operando NPD 

studies. Enabled by such thick electrode, we find that the metal oxygen M-O (M = Li and Mn) 

bond lengths in both end members LiMn2O4 and Li2Mn2O4 experiences pronounced changes larger 

than dictated by the change in lattice parameters, due to the locally-formed Jahn-Teller distorted 

Mn3+. First-principles density functional theory calculations confirm these metastable 

intermediates and further propose atomistic reaction pathways for the phase transition by coupling 

a global structure search algorithm. These findings redefine the conventional understandings on 

two-phase reactions of this spinel material.



3

1. Introduction

The gravimetric energy density of lithium-ion batteries (LIBs) has increased three-fold since first 

commercialization in the 1990s, but the state-of-the-art (250 Wh∙kg-1) is still insufficient to power 

electric vehicles for a cost effective and reasonable driving range that can compete with a standard 

gasoline internal combustion engine vehicle. Maximizing the potential of LIBs requires a firm and 

comprehensive understanding of the fundamental mechanisms during battery operation, including 

bulk phase transition of electrode materials, chemical variations at multiple interfaces between 

different battery components, changes in mechanical properties affecting the structural integrity, 

etc.1 However, determining these mechanisms is often difficult particularly when characterizing 

the battery components outside the real operating environments. To aid better understanding, 

operando characterization techniques have emerged and grown rapidly in the past decade.2-6 

Among operando characterization techniques, X-ray powder diffraction (XRD) and neutron 

powder diffraction (NPD) are important because they can provide insights on atomic locations and 

dynamics and address basic questions of interest about promising electrode materials such as: what 

are the phase transitions occurring upon charge/discharge process and how do they proceed?7-12

An operando XRD technique has been developed to take advantage of the high flux, high 

resolution, and fast acquisition time of synchrotron-based X-ray sources. Many significant 

achievements have been made relatively recently.13-15 For example, Grey et al.15 have shown that 

nonstoichiometric Li1-xFePO4 (0 < x < 1) is formed with high-rate cycling while two-phase reaction 

between fully-lithiated LiFePO4 and fully-delithiated FePO4 occurs with low-rate cycling. 

Bianchini et al.14 have revealed new insights on an intermediate spinel phase Li0.5Mn2O4 with 

Mn3+/Mn4+ 1:3 cation ordering and lithium/vacancy ordering, which is more accurately written as 

 with the cubic P213 space group. Operando NPD technique can often provide 𝐿𝑖0.5𝑀𝑛3 +
0.5 𝑀𝑛4 +

1.5 𝑂4
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information about LIBs that are difficult to obtain from any other techniques including X-rays. 

Neutrons are sensitive to light elements such as Li and O, which are hard to detect with X-rays 

especially in the presence of heavier elements. Neutrons offer drastically different scattering length 

for adjacent elements in the periodic table or isotopes of the same element.  This enables distinction 

between some transition metal elements frequently in use in cathode materials in LIBs. For 

example, the coherent nuclear scattering lengths for Ni, Co, and Mn are 10.30, 2.49, and -3.73 fm, 

respectively.16 These advantages are essential to closely monitor structural details like Li atomic 

positions and occupancies as well as transition metal cation orderings, which has been clearly 

indicated in previous studies.17-20 

Some intrinsic difficulties of the interaction of neutrons with battery materials has slowed the 

development of this technique and its wider applications. For instance, incoherent scattering of the 

hydrogen-rich electrolyte, separator, binder creates a large background. Neutron diffraction also 

requires a high loading of active material. Accordingly, designing a neutron-friendly 

electrochemical cell that is able to cycle a large amount of active material while minimizing 

scattering from other cell components is critical. Sharma et al.10 summarized various designs of 

such electrochemical cells, including large coin-type cells, pouch-type cells, roll-over cylindrical 

cells, and commercial 18650 cells. Among these, commercial cells have a limited selection of 

electrode materials available and often require kilogram scale electrode materials not available in 

a typical laboratory setting. We note that the use of hydrogenated electrolyte in commercial cells 

leads to a raised background in NPD data, which is countered somewhat by the relatively large 

quantity of electrode materials.20 Roll-over cells with reliable electrochemical performance are 

relatively difficult to assemble. Pouch-type cells usually need graphite as anode to build up a full 

cell, but graphite peaks dominate the cathode peaks of interest.21-23 Regarding the compatibility 
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between cells and instrument geometry, cylindrical-type cells are preferable because they often 

suit the arrangement of detectors, such as at the time-of-flight neutron diffractometer POWGEN 

(beamline 11A at the Oak Ridge National Laboratory Spallation Neutron Source).24 Therefore, an 

in-house designed large coin-type cylindrical cell is the most favorable one especially when the 

cell is manufactured from a neutron-friendly metal (V) or null alloy (Ti2.08Zr).25 Nonetheless, it is 

still very challenging to cycle enough active material within this large coin-type cell, which 

requires an extremely thick electrode.

In this work, we report a facile methodology to prepare an extremely-thick electrode with 

approximately 378 mg cm-2 loading density of active LiMn2O4 spinel. We also developed a neutron 

compatible in situ large-coin-type-electrochemical cell. This thick electrode, and the neutron-

friendly electrochemical cell, was utilized to study (de)lithiation mechanisms of the Li1+δMn2O4 

(0 ≤ δ ≤ 1) spinels. In theory, the spinel-Mn2O4 framework can deliver a capacity of ∼ 297 mAh 

g-1 when a Li+ ion is inserted/extracted into/from each of the 8a tetrahedral and 16c octahedral 

sites at the voltages of, ∼4.0 and ∼2.7 V, respectively. Unfortunately, the phase transition related 

to 2.7 V plateau is only partly reversible because of strong Jahn-Teller distortion of MnO6 

octahedra occurs due to Mn3+ formation. Lithiation of Li1+δMn2O4 (0 ≤ δ ≤ 1) leads to an increase 

in the axial ratio c/a of the unit cell from 1.0 in the cubic phase to 1.6 in the distorted tetragonal 

phase. This anisotropic strain causes fracture of large particles and thus internal contact loss upon 

cycling.26-28 

Although this reaction has been extensively studied, its dynamic features such as the appearance 

of any intermediate phases have never been fully understood. Herein, via operando NPD, we 

followed the M-O bond lengths (M = Li and Mn) in the spinels. Their continuously-changing M-

O features are unexpected according to the conventional understanding of a two-phase reaction 
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and imply that there must be solid solution regions within both cubic and tetragonal phases. First-

principles density functional theory calculations identified intermediate spinel phases (Li1.5Mn2O4) 

that are accessible during the phase transition and proposed reaction pathways. These findings 

redefine the conventional understandings on two-phase reactions of this cathode material. 

2. Experimental section

2.1 Preparation of thick electrode

The procedure to prepare a thick electrode involves three main steps. First, a slurry was prepared 

by mixing active LiMn2O4 (Alfa Aesar, 99.5%), graphite (TIMCAL, KS6), carbon black 

(TIMCAL, Super P), and polyvinylidene fluoride (PVDF, Kynar Powerflex LBG) in a N-methyl-

2-pyrrolidone (NMP, Aldrich 99.5%) solution in a weight ratio of, 80 : 4 : 6 : 10; respectively and 

adding graphite to further increase the electrical conductivity of the composite electrode. Second, 

the as-prepared slurry was dripped into aluminum foam (1100 alloy, 40 PPI, ERG Aerospace 

Corporation) which was mounted on a hotplate. The temperature of the hotplate was set to be 120 

°C. Note that the amount of NMP solution needs to be optimized to guarantee that the slurry 

viscosity is suitable to flow and penetrate the pores. After drying it, a disc electrode was punched 

out with two different dimensions, 9.5 mm diameter for a Swagelok-type cell testing and 10.6 mm 

diameter for the neutron in situ cell. Finally, the disc electrode was immersed into a NaOH solution 

(1.0 M) for 1.5 h to partly remove the aluminum foam template. Then, the electrode was collected 

from the solution and washed several times using deionized water before drying overnight under 

vacuum. The loading of active material was measured by subtracting the average weight of 

punched aluminum foam without the slurry coating. Active material loading of ~ 0.2 g and ~ 0.3 

g was achieved for the 9.5 and 10.6 mm electrodes, respectively. For the operando NPD study 
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shown here, the thick electrode contains 0.33 g of LiMn2O4 powder, corresponding to ~ 378 

mg∙cm-2 loading density. 

2.2 Characterization of thick electrode

The electrode performance was first characterized using a Swagelok-type half-cell. The as-

prepared cathode and Li foil anode were assembled with two pieces of glass fiber separator in an 

argon-filled glove box. The electrolyte used was 1.2 M LiPF6 in a 3:7 mixture of ethylene 

carbonate (EC) and dimethyl carbonate (DMC). The voltage window was 2.0 – 4.4 V (vs. Li+/Li), 

while 1C corresponds to 120 mA g-1. The electrode morphology and elemental distribution were 

characterized using a scanning electron microscope (SEM, Hitachi TM3030Plus) accompanied 

with energy dispersive X-ray spectroscopy (EDX). Neutron powder diffraction pattern (collected 

at POWGEN beamline, center wavelength = 1.33 Å) and SEM image of the LiMn2O4 powder are 

shown in Figure S1.

2.3 Design of in situ electrochemical cell

The top view schematic of the in situ electrochemical cell with respect to the neutron beam and 

detectors is shown in Figure 1a. This geometry of setup guarantees to fully utilize the capability 

of all detectors from each scattering angle. An image of the in situ electrochemical cell for the 

operando NPD experiment is shown in Figure 1b and a detailed schematic is shown in Figure 1c. 

Our in situ cell has a similar geometry configuration as reported by Masquelier et al.25 but modified 

per the specific requirements of POWGEN. The core part of this cell is the container made by 

Ti2.08Zr alloy as highlighted in a blue color in Figure 1c. Ti2.08Zr alloy has been chosen because its 

overall coherent scattering length is close to zero (2bTi + bZr = 0), where bTi = -3.438 fm and bZr = 

7.16 fm. Consequently, it generates no Bragg peaks from the cell body which makes it effectively 
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invisible to the neutron beam. Additionally, Ti2.08Zr alloy is highly conductive and corrosion 

resistant which makes it a perfect current collector and internal spacer. The inner diameter of the 

cell body is 1.27 cm, which fits the beam size at POWGEN beamline (1 x 4 cm2). Another core 

part of the cell is the plunger with attached O-ring that is air tight whilst permitting a copper wire 

connected through the plunger. Glass fiber was used as the separator to reduce the amount of 

hydrogen that would be introduced by the conventional Celgard separator. Another roll of glass 

fiber lines the inside wall of Ti2.08Zr body to avoid short-circuits. For the electrolyte, 1.10 M LiPF6 

in 31 wt.% deuterated-ethylene carbonate (d-EC) and 69 wt.% deuterated-dimethyl carbonate (d-

DMC) solution was used to further reduce the hydrogen involved. For the anode, 7Li (ORNL 

National Isotope Development Center, 99.92%, absorption coefficient = 0.0454 x 10-24 cm2) foil 

was used as it minimizes the neutron absorption compared with using natural Li (absorption 

coefficient = 70.5 x 10-24 cm2). To minimize the internal contact resistance, the pressure on the 

working cell components was adjusted by a tube fitting. To reduce the scattering from cell 

components, a neutron absorber (boron nitride, BN) sleeve was used to cover most of the cell 

except for the active material of interest.
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Figure 1. (a) Top view of the experimental setup. (b) A picture of the in-house designed in situ 

electrochemical cell. (c) Schematic of the cell.

2.4 Operando neutron diffraction experiment

An operando neutron diffraction experiment was carried out at the POWGEN beamline. The in 

situ electrochemical cell was cycled in galvanostatic mode with C/50 and C/80 rate for discharge 

and charge, respectively, which corresponds to 0.8 and 0.5 mA actual current with 0.91 and 0.57 

mA cm-2 areal current density. There was a 12 h resting procedure in between the discharge and 

charge processes. The discharge cut-off voltage was set to be 1.5 V whilst the cell was continuously 

charged until the beamtime was over (~ 70 h). Time-of-flight NPD data were collected for 14 h 

when the cell was at the open-circuit voltage (OCV) state, and every 3 h for the rest of the 

experiment. The center wavelength was 1.066 Å corresponding to a d-spacing range of 0.3 – 5 Å.
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Rietveld refinements were carried out using the GSAS suite of programs29 with the EXPGUI 

interface.30 All the reflection peaks taken at the OCV state could be accounted for using a multiple-

phases model including LiMn2O4,31 Li,32 Al,33 graphite,34 and Cu,35 as seen in Figure S2. 

Unidentified peaks at around 1.68 and 0.99 Å are suspected to be a contribution from the sample 

environment. Note that Li2Mn2O4 phase36 is then added to this multiple-phase model for the 

sequential refinement. Li, Al, graphite, and Cu phases are present due to the usage of anode, the 

preparation of cathode, and the conductive Cu wire, respectively. Regarding the two main 

structures, LiMn2O4 is a cubic phase with Fd-3m symmetry, while Li2Mn2O4 is a tetragonal one 

with I41/amd symmetry. Figure S3 shows a comparable lattice ordering between them. The O 

sublattice orders in a similar way with slight movement, while the most significant difference 

between the two phases relies on the occupied tetrahedral-Li in the cubic but octahedral-Li in the 

tetragonal structure. The isotopic 7Li scattering factor was used for all Li phase refinement. A 

back-to-back exponential profile function was chosen with the mixing coefficient () and 

microstrain coefficients (Shkl).37 March-Dollase (MD) preferred orientation38 ratios of 110 for Li 

(metal) and 100 for Al was included. In order to avoid correlation between refined parameters, the 

occupancies were fixed without refining because LiMn2O4 and Li2Mn2O4 were used as line phases. 

The atomic displacement parameters (ADPs) of Li8a ( ), Mn16d ( ), and O32e (x,x,x) for 
1
8,

1
8,

1
8

1
2,

1
2,

1
2

LiMn2O4 phase and O16h (0,y,z) for Li2Mn2O4 phase were refined using the long-scan at the OCV 

state before cycling for LiMn2O4, and then the 12 h resting scan between discharge and charge for 

Li2Mn2O4. These ADPs were then fixed for the rest of the refinements. These refined structural 

parameters of LiMn2O4 and Li2Mn2O4 are listed in Tables S2 and S3, respectively. The profile and 

MD preferred orientation coefficients were refined in the same manner. The ADPs of Li4a (0, ), 
3
4,

1
8
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Li8c (0,0,0), and Mn8d (0,0, ) were fixed at the values reported in the literature.36 Finally, the lattice 
1
2

parameters of each phase in addition to the atomic position of O32e in LiMn2O4 and O16h in 

Li2Mn2O4 phase were all freely refined. Starting from 85 h during charge process, a peak 

asymmetry develops that cannot be described by the LiMn2O4 phase alone. Another Li1-δMn2O4 

phase with a cubic Fd-3m structure was added to achieve the best fitting, as has been previously 

reported by Bianchini et al.9 The weighted profile factor Rwp, profile factor Rp, and goodness-of-

fit indicator χ2 are listed in Table S1.

2.5 Theoretical and computational approaches

For first-principles calculations, spin polarized GGA+U scheme was used with the Perdew–

Burke–Ernzerhof generalized gradient approximation exchange correlation functional39 and the 

projector augmented wave (PAW) method40 as implemented in the Vienna ab initio simulation 

package (VASP).41 520 eV was chosen for energy cutoff for the plane wave and ionic relaxation 

was performed until all forces on ions are smaller than 0.01 eV Å-1. A kspacing parameter was 

used to control k-point sampling and the value was 0.3 Å-1 for relaxations and 0.15 Å-1 for accurate 

energy and electronic structure calculations generating -centered 3 × 3 × 3 and 5 × 5 × 5 k-point 

mesh respectively for cubic-LiMn2O4. A Hubbard U correction value for Mn atom in LiMn2O4 is 

known not to have significant effect on the results in the range of 3~6 eV.42 In this study, 3.9 eV, 

which is calibrated value for Mn atom by Materials Project, was used. For global structure search 

on intermediate compositions (Li1+δMn2O4 with δ = 0.25, 0.5, 0.75), the artificial bee colony (ABC) 

algorithm43, 44 implemented in CALYPSO (Crystal Structure AnaLYsis by Particle Swarm 

Optimization) software45, 46 was utilized in conjunction with first-principles total energies. The 

simulation cell size for structure prediction was chosen from a single formula unit to a size 

containing 32 oxygen atoms for each composition and separate structural prediction were 
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performed for each simulation cell size. Each generation contains 30 structures and structural 

evolution was performed up to 15 generations using ABC algorithm for global optimization.  In 

between evolutionary steps, local structural relaxation was performed using first-principles 

calculations until all forces on ions are smaller than 0.03 eV/Å. After obtaining predicted structures 

from CALYPSO, more accurate relaxations were carried out on every structure using 0.01 eV/Å 

value for force criteria and accurate energies were calculated. Among the structures obtained 

through the global structure search, structures showing the same Mn2O4 framework as in LiMn2O4 

spinel were identified, and further structural and electronic properties were analyzed. The detailed 

procedure for intermediate structure identification is shown in Figure S4. Materials database search 

was carried out on Materials Project.47

3.  Results and discussion

3.1 Performance of the thick electrode

Due to the need for a large amount of active material within the neutron beam, we designed the 

extremely thick electrode (diameter: 10.6 mm, thickness: 6.5 mm) with active material loading 

above 300 mg (see Experimental Section). A simple simulation of the relationship between weight, 

porosity, and thickness was conducted and is shown in Figure S5. When the tap density of active 

material (D) is 2.5 g cm-3, to achieve 60 % porosity electrode, the thickness must be ~ 4 and ~ 6 

mm if loading 500 and 300 mg, respectively. Unless the pores inside the electrode are perfectly 

interconnected so that electrolyte may easily soak in, the Li+ ion diffusion would be a limiting 

factor to reach full capacity. In this regard, we developed a novel method using Al foam as a 

sacrificed template to produce an extremely thick electrode with a high porosity, while still 

retaining a 3-dimensional conducting pathway for electrons. The preparation details are referred 

to the experimental section. As shown in Figure 2a, the as-prepared electrode used in our operando 
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NPD experiment is ~ 6.5 mm thick and contains 0.33 g of LiMn2O4 active powder. Surprisingly, 

the loading density reaches 378 mg cm-2 which have not been reported in the LIBs community to 

the best of our knowledge.48, 49 It is worth noting that the loading density value normally falls into 

the scale of ~ 2-5 mg cm-2 at the lab level while ~ 20 mg cm-2 at the industry level. Elemental 

mapping (Figure 2b) and SEM imaging (Figures 2c and 2d) of the electrode demonstrate the spatial 

relationship between the active material composite (LiMn2O4 + C + PVDF) and the residual Al 

foam, which provides enough channels for electrolyte soaking and pathways for electron 

transportation via the Al metal framework. An enlarged SEM image (Figure 2e) shows the particle 

morphology of LiMn2O4 with an average size around 30 μm. 

As shown in Figure 2f, LiMn2O4 thick electrode was first charged to 4.4 V and then discharged to 

2.0 V. It delivered 81.3 mAh g-1 (~ 55% theoretical capacity) charge and 146.2 mAh g-1 (~ 51% 

theoretical capacity) discharge capacity, respectively. Remarkably, this thick electrode was able 

to deliver ~ 40 mAh cm-2 areal capacity when discharged to 2.0 V, which is almost one magnitude 

larger than the commercial lithium-ion batteries. Regarding the charge/discharge curves in Figure 

2f, the two plateaus (4.1 and 4.25 V) in the voltage range of 3.0 – 4.4 V represent (de)lithiation 

reaction within Li1-δMn2O4 (0 < δ < 1) whilst an additional 2.7 V discharge plateau demonstrates 

a typical lithiation reaction within Li1+δMn2O4 (0 < δ < 1). Such performance guarantees sufficient 

material experiencing (de)intercalation of Li+ ions to be detectable with neutron beam. Note that 

there is still room to improve the specific capacity by reducing the scale of the individual islands 

of composite electrode in the middle of the Al framework (Figure 2c and 2d). Currently, these 

islands are around 1 mm in diameter which is still too large for Li+ ions to diffuse. 
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Figure 2. The appearance (a) and the elemental mappings (b) of the thick electrode. (c,d) SEM 

images of the thick electrode demonstrating the hypothetical Li+ ion diffusion channels and 

electron conduction pathways via Al metal framework. Color added to highlight the Al framework. 

(e) Enlarged SEM image within a composite island. (f) Electrochemical performance of the thick 

electrode containing 0.1975 g LiMn2O4 cycled between 4.4 and 2.0 V at C/50.

3.2 Operando observations of the phase transition during cycling

There are three reaction regions during the experiment. Figure 3a shows the discharge/rest/charge 

profiles of LiMn2O4 electrode between 1.5 and 4.2 V used for the in situ NPD experiment. In 

Region I during discharge, one Li+ ion is intercalated into the LiMn2O4 cubic structure to transform 

it into tetragonal Li2Mn2O4. Region II (charge) is the reverse process of Region I involving a phase 

transition from tetragonal-Li2Mn2O4 to cubic-LiMn2O4. In Region III (charge), further de-

intercalation of Li+ ion from the transformed cubic-LiMn2O4 induces a solid-solution reaction to 

form Li-deficient Li1-δMn2O4 which is also cubic. Equations (1) - (3) represent these reactions.

LiMn2O4 (cubic) + Li+ + e-  Li2Mn2O4 (tetragonal) (Region I, Li stoichiometry: 1  2)        (1)
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Li2Mn2O4 (tetragonal)  LiMn2O4 (cubic) + Li+ + e- (Region II, Li stoichiometry: 2  1)       (2)

LiMn2O4 (cubic)  Li1-δMn2O4 (cubic) + δLi+ + δe- (Region III, Li stoichiometry: 1  0)       (3)

Figures 3b and 3c show the evolution of NPD patterns and the corresponding zoom in contour plot 

(2.30 – 2.52 Å) throughout the entire three regions, clearly demonstrating a two-phase reaction 

mechanism for Regions I and II whilst a solid solution reaction mechanism for Region III. 

Specifically, upon Li (de)intercalation in Regions I and II, the weight fractions of the individual 

spinel change as reflected by the continuous variations in the intensities of the 222 LiMn2O4 

reflection and 202 Li2Mn2O4 reflection. In Region III, we observed a peak shift of LiMn2O4 instead 

of a new peak formation, indicating the solid solution reaction between the fully-lithiated LiMn2O4 

and the Li-deficient Li1-δMn2O4. Figures 3d and 3e highlight two examples of the Rietveld 

refinements of the in situ NPD data. Very importantly, the two active material reflections around 

2.3 – 2.45 Å d-spacing are the strongest thanks to the cell and electrode design, which minimizes 

the unwanted diffraction peaks from the sample environment. It is worth noting that the oxygen 

information of both spinel phases is what we are trying to explore from this experiment. Figure S6 

compares two simulated NPD patterns with full or zero occupancy of O atoms. It demonstrates 

that the contribution of O atom to 222 reflection in LiMn2O4 and 202 reflection in Li2Mn2O4 is 

strong enough to provide us confidence to extract reliable information. The fits between the 

calculated and the observed patterns were good for both active spinels and 7Li anode as shown in 

Figures 3d and 3e. (Goodness-of-fit parameters are given in Table S1.) The mismatch in intensity 

of Al foam peaks at 1.43, 2.03, and 2.34 Å d-spacing is due to preferred orientations.
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Figure 3. (a) Discharge/rest/charge curve of LiMn2O4 electrode during the operando experiment. 

The corresponding NPD patterns (b) and the zoom in contour plot (c). The Rietveld refinement 

profiles collected during different time range where the central time is 22.5 h (d) and 70.5 h (e). 

The diffraction peaks of Li, Al, graphite, and Cu are due to Li anode, residual Al foam in cathode, 

graphite additive in cathode, and Cu wire in electrochemical cell, respectively.

Figure S7 provides the weight fractions of Al, Cu, graphite, and their sum. As these three 

components are non-reactive during cycling, their weight fractions should not change. Therefore, 

the sum of Al, Cu, and graphite (37.5 wt.% for the OCV state) was used to normalize the weight 

fractions of all other active components to minimize the effect from the amorphous phases. The 

normalized weight fractions of Li anode, cubic-LiMn2O4, tetragonal-Li2Mn2O4, and cubic-Li1-
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δMn2O4 throughout the entire operando experiment are shown in Figure 4b. About 80 wt.% of 

cubic-LiMn2O4 transforms into tetragonal-Li2Mn2O4 during discharge (Region I) via the two-

phase reaction but is not fully recovered during the following charge (Region II). In fact, 44 wt.% 

of tetragonal-Li2Mn2O4 remains in the electrode when Li+ ions start to be extracted from the cubic-

LiMn2O4 (Region III). In specific, Li extraction from both tetragonal-Li2Mn2O4 and cubic-

LiMn2O4 proceed simultaneously from 85 h, converting themselves into the Li-deficient cubic-

Li1-δMn2O4. Here it is difficult to determine whether such a coexistence of three phases is intrinsic 

upon charge, or if it is just induced by the sluggish kinetics of Li+ ion diffusion in such a thick 

electrode. Figures 4c and 4d show the evolution of lattice parameter a for cubic-LiMn2O4, and a 

and c for tetragonal-Li2Mn2O4, respectively; in both cases they remain constant through the first 

85 h (Regions I and II), strongly supporting the two-phase reaction mechanism. However, after 85 

h (Region III), a new cubic phase with lattice parameter a = 8.201(6) Å is detected that coexists 

with the original one with a = 8.2426(8) Å. Afterward, both lattice parameters continuously 

decrease to the end of the experiment, indicating a solid solution reaction as Li+ ions are extracted.

Another interesting observation is the evolution of crystalline-Li in the cell (Figure 4b). The 

amount of crystalline-Li from the Li anode first reduces upon discharge as Li moves from anode 

to cathode, but it remains almost the same upon the following charge although Li is moving back 

from cathode to anode. This indicates that the returning Li never crystallizes. Instead, it deposits 

into an amorphous structure on the anode’s surface. Such amorphous deposition of Li during 

charge is not new, and has been reported by different groups and different techniques.50-53 In this 

work, using operando NPD, we present another strong piece of evidence for Li amorphization 

when depositing onto Li metal electrode. Note that natural Li was used to synthesize LiMn2O4. 

Although a small amount of 6Li with a high absorption coefficient possibly transfers from LiMn2O4 
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cathode to 7Li anode which may reduce the peak intensity of Li, its effect is still negligible. This 

is because most of the natural Li is 7Li (natural abundance, 6Li : 7Li = 7.5 : 92.5), which introduces 

similar coherent nuclear scattering lengths between natural Li (-1.90 fm) and 7Li (-2.22 fm).

Figure 4. (a) Voltage profile of LiMn2O4 electrode during the operando experiment. Rietveld 

refinement results of weight fraction of individual phase (b), lattice parameter a of cubic-LiMn2O4 

(c), and lattice parameters a and c of tetragonal-Li2Mn2O4 (d). Weight fractions were normalized 

based on the sum of the weight fractions of non-reactive Al, graphite, and Cu at the OCV state 

(37.5 wt.%). The estimated standard deviations (e.s.d.) are also shown.

3.3 Evidence of the intermediate metastable spinels

In the I41/amd symmetry, the Wyckoff positions of Li4a (0, ), Li8c (0,0,0), and Mn8d  (0,0, ) are 
3
4,

1
8

1
2

all special whilst only O16h (0,y,z) is general. Thus, refining O position gives reliable information 
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of the Li-O and Mn-O bond lengths. Bond length differences between the two along c-axis and the 

four in a-b plane of MnO6 octahedra is a clear indicator of Jahn-Teller distortion of Mn3+.54 

Interestingly, the bond length of Li-O along c-axis reduces from 2.444(23) to 2.393(8) Å upon 

discharge in Region I, increases back to 2.439(16) Å upon charge in Region II, as shown in Figure 

5a. Conversely, the bond length of Mn-O along c-axis increases from 2.176(23) to 2.224(8) Å 

during discharge in Region I, reduces back to 2.181(16) Å during charge in Region II. Assuming 

only a two-phase reaction between LiMn2O4 and Li2Mn2O4 occurs with the fixed stoichiometric 

composition for the individual phase, a continuous variation in bond length would not be the case 

within the tetragonal-Li2Mn2O4 spinel. In a conventional theory of a two-phase reaction, there 

must be a phase boundary within a single crystal lattice that propagates via (de)intercalation of Li. 

On one side, it is stoichiometric LiMn2O4 with fixed Metal-O (M-O, M = Li and Mn) bond lengths. 

While on the other, it is stoichiometric Li2Mn2O4 also with fixed M-O (M = Li and Mn) bond 

lengths.55-57 However, as clearly seen in Figure 5, the M-O (M = Li and Mn) bond lengths in 

tetragonal-Li2Mn2O4 spinel vary continuously upon cycling. In fact, similar observations are also 

obtained for the cubic-LiMn2O4 spinel (Figure S8) even though the degree of variation is relatively 

low. 
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Figure 5. The evolution of Li-O bond length (a, b) and Mn-O bond length (d, e) of the tetragonal-

Li2Mn2O4 spinel (c) during the operando experiment. The e.s.d. are acceptable for drawing 

conclusions.

Based on the observations described, we propose a new reaction mechanism that involves a 

formation of nonstoichiometric Li1+xMn2O4 (cubic) and Li2-yMn2O4 (tetragonal) spinel phases and 

a phase transition between them. Under this mechanism, Li+ ions are first intercalated into the 

LiMn2O4 to form Li1+xMn2O4 with a long-range cubic symmetry but locally distorted on the M-O 

(M = Li and Mn) bond. The reason is that the intercalated Li+ ion likely occupies the octahedral 

16c site (0,0,0). To maintain local charge neutrality, an adjacent Mn4+ needs to be reduced to Mn3+. 

Thus, a local Mn4+-O bond is replaced by a Mn3+-O bond, which is distorted along c-axis. It also 

causes a slight relocation of O atom that induces an opposite bond length change of Li-O. Note 

that at this stage, the short-range structure may vary from being cubic even though the long-range 

structure remains cubic. As more and more Li intercalate into the local structure of cubic-
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Li1+xMn2O4, it finally reaches a saturation point where the long-range symmetry of Mn-site needs 

to be lowered to achieve a lower free energy of the whole structure, and thus a first-order phase 

transition occurs. This first-order phase transition leads to another nonstoichiometric phase 

formation of the tetragonal-Li2-yMn2O4. Then, Li is further intercalated into Li2-yMn2O4 phase to 

reach the fully-lithiated Li2Mn2O4 composition. It is very important to note that the NPD data only 

provides an average M-O bond length from all possibly-formed chemical compositions of 

Li1+xMn2O4 and Li2-yMn2O4 throughout all particles. As discharge proceeds, more and more 

LiMn2O4 particles are activated to become Li1+xMn2O4 prior to the phase transition. Meanwhile, 

more and more Li2-yMn2O4 particles are fully-lithiated to Li2Mn2O4 after the phase transition. Most 

importantly, these different reactions over a wide range of Li concentrations take place 

simultaneously within different particles during the whole discharge process. That is why the 

average bond lengths of Li-O and Mn-O in both tetragonal and cubic spinel continuously change 

during discharge. A reverse process has been observed during charge. 

Goodenough et al.58 has studied this LiMn2O4-Li2Mn2O4 transition behavior in his early work and 

proposed nonstoichiometric cubic-Li1+xMn2O4 (0 ≤ x ≤ 0.1) and tetragonal-Li2-yMn2O4 (-0.25≤ y 

≤ 0.2) phases based on their discharge curve. Two sloped regions at both ends of the discharge 

curve imply solid solution reaction whilst a flat plateau implies a two-phase reaction. Our 

operando NPD results provide strong crystallographic evidence to support their earlier conclusions. 

Furthermore, if comparing the bond length change of Mn-O between the OCV and the fully-

discharged state, one would find a 2.1 % difference for the tetragonal-spinel (Figure 5e) whereas 

it is only 0.6 % for the cubic-spinel (Figure S8b). This implies the tolerance of Li composition in 

the tetragonal-spinel is much wider than the one in the cubic-spinel. 

3.4 First-principles density functional theory calculations
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First-principles density functional theory calculations were performed (see details in the Method 

Section), to explore possible intermediate Li1+δMn2O4 phases that connect the cubic-LiMn2O4 and 

tetragonal-Li2Mn2O4 during the phase transition. Our first-principles approach couples with a 

global structure search algorithm and materials database searches to efficiently explore 

intermediate phases. We identified two intermediate states of Li1+δMn2O4 (δ = 0.5) having the same 

Mn2O4 sublattice as the cubic-LiMn2O4. For a given crystal structure many different spin 

configurations are possible (as an example, see Ref. 42, 59-63 for possible spin configurations of 

LiMn2O4). Among them, we investigate the ones with lowest energy magnetic configurations. In 

the case of LiMn2O4 (δ = 0) and Li2Mn2O4 (δ = 1), we consider ferromagnetic orderings that have 

cubic and tetragonal structures, respectively as the stable configurations. We then compare their 

structural stabilities with respect to the cubic spinel (δ = 0) and the most stable solid-state Li (bcc 

Li crystal) by calculating the formation energies (Ef),   

           (4)∆𝐸𝑓(𝐿𝑖1 + 𝛿𝑀𝑛2𝑂4) = 𝐸(𝐿𝑖1 + 𝛿𝑀𝑛2𝑂4) ―[𝛿 ∙ 𝐸(𝐿𝑖)𝑏𝑐𝑐 +𝐸(𝐿𝑖1𝑀𝑛2𝑂4)𝑐𝑢𝑏𝑖𝑐].

Figure 6 summaries relative stabilities between the stable phases ( = 0 and 1) and intermediates 

identified by our calculations as well as the charge states of Mn ions. Note that the valence state 

of Mn ions in the cubic spinel is Mn3.5+, where both dz2 and dx2-y2 orbitals are partially occupied, 

in comparison to the orthorhombic spinel with equally occupied Mn3+ and Mn4+.61 

Here we propose the reaction pathway that lead to the phase transition (see Figure 6). In the initial 

state, Mn3.5+ ions occupy the half of four possible octahedral sites and a Li+ ion is located at one 

of 8 possible tetrahedral sites of a single formula unit (LiMn2O4). Upon the intercalation of Li+ 

ions (1 Li per 2 LiMn2O4 unit) into the cubic spinel ( = 0) at the step 1, the additional ions occupy 

25 % of the empty octahedral sites, while the existing Li+ ions remain intact at the tetrahedral sites 



23

(see Table S4). The locations of the occupied octahedral sites by intercalated Li+ ions are evenly 

distributed in all layers of the cubic phase where the charge is balanced by Mn4+ and Mn3+ (with 1 

: 3 ratio) at each layer. In the next step (step 2), the Li+ ions located at the center of the tetrahedra 

migrate to the 50 % of octahedral sites filling the 75 % of octahedral sites, and the crystal system 

is transformed into tetragonal. As a final step (step 3), the remaining octahedral sites are filled with 

intercalated Li+ ions (1 Li per Li3Mn4O8 unit) and eventually transform into the tetragonal phase 

that has a significantly lower energy by ~ 1.5 eV per reaction (see Figure 6a). It is worth noting 

that these theoretical calculations only provide the possible local symmetry forms rather than the 

long-range ones, otherwise the intermediate phases would be seen from their newly-formed 

diffraction peaks. Figures 6b and 6c highlight the various Mn-O bond lengths of Mn3+O6 and 

Mn4+O6 octahedra in the intermediate Li1.5Mn2O4 phases the first principle calculation identified. 

It is worthwhile pointing out that the bond length of Mn3+-O along c-axis indeed follows the 

increase trend from cubic-Li1.5Mn2O4 (~ 2.20 Å) to tetragonal-Li1.5Mn2O4 (~ 2.27 Å) and finally 

tetragonal-Li2Mn2O4 phase (~ 2.30 Å).36 This agrees well with the observations from Figure 5e 

that the average bond length of Mn3+-O along c-axis increases upon discharge while decreases 

upon charge. Note that the NPD results always provide an average bond length that include all 

possible intermediate phases from lightly-(de)lithiated to heavily-(de)lithiated ones. The various 

(de)lithiation depths from one particle to another thus leads to a slightly different average bond 

length compared with the values obtained from the calculated intermediate phases.
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Figure 6. The reaction pathway from cubic-LiMn2O4 to tetragonal-Li2Mn2O4 revealed by a global 

structure search algorithm based on first-principles calculations. The Mn-O bond lengths of 

Mn3+O6 and Mn4+O6 octahedra in the cubic-Li1.5Mn2O4 (b) and tetragonal-Li1.5Mn2O4 (c) 

intermediate phases. 

3.5 Discussions

Our findings on the reaction mechanisms between the cubic-LiMn2O4 and the tetragonal-Li2Mn2O4 

are schematically summarized in Figure 7. The larger solid solution region of the tetragonal phase 

compared with the one of the cubic phase is demonstrated in the phase diagram, which also 

corresponds to the discharge curve. Note that this is a representative phase diagram but not accurate. 

As the particle size of LiMn2O4 is as large as ~ 30 μm (Figure 2e), a concentration gradient of Li 
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is easily formed when the current is applied. Thus, the reaction pathway from the center to the 

surface of a single particle should follow cubic-LiMn2O4  cubic-Li1+xMn2O4   tetragonal-Li2-

yMn2O4  tetragonal-Li2Mn2O4 during discharge, and reverses during charge. The interpretation 

of whether it is a solid-solution or a two-phase reaction imply whether there is a symmetry change 

from cubic to tetragonal in the long-range point of view. In fact, similar phenomena have been 

observed via in situ X-ray absorption spectroscopy to study the reaction mechanisms of 

Li4+xTi5O12.64 They also found evidence of a mixed feature between solid solution and two-phase 

reaction, although the in situ XRD looks almost the same over a wide range of Li concentrations. 

Therefore, the conclusion that a two-phase reaction is always accompanied with solid solution 

regions within both end members is suspected to be universal irrespective of reaction rate. 

Nonetheless, the extension of solid solution region still depends on the structural tolerance during 

(de)lithiation.   

Figure 7. Discharge curve (a) and phase diagram (b) of LixMn2O4 and its proposed reaction 

mechanism in view of a single particle during discharge (c).

Another interesting observation is that the tetragonal-spinel structure is robust as the unit cell 

volume has almost no change throughout the entire reaction range even though the intermediate 
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phases are formed, as shown in Figure S9. Figure 8 presents the evolution of the bond lengths of 

LiO6 and MnO6 octahedra in the tetragonal-spinel during cycling, which are obtained based on the 

operando NPD results. We observe that the volume of the MnO6 octahedra increases upon 

discharge and decreases upon charge. Conversely, the volume of the LiO6 octahedra decreases 

upon discharge and increases back upon charge. Consequently, the total effect is that the volume 

change of a single unit cell is almost zero.

Figure 8. Schematic illustration of the evolutional volume change of MnO6 and LiO6 octahedra in 

tetragonal-Li2Mn2O4, representing the reason why the unit cell volume has no change throughout 

the entire discharge/charge process.

4. Conclusions
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In summary, we report a novel methodology to prepare an extremely-thick electrode with ~ 378 

mg∙cm-2 loading density and ~ 40 mAh∙cm-2 areal capacity achieved by cycling LiMn2O4 between 

4.4 and 2.0 V (vs. Li+/Li). Enabled by such a thick electrode with enough loading of active material, 

an operando neutron powder diffraction experiment was performed to study the phase transition 

mechanisms of Li1+δMn2O4 (0 ≤ δ ≤ 1) spinel upon cycling. Through Rietveld refinement of both 

cubic and tetragonal phases, we found evidence of metastable Li1+xMn2O4 (cubic) and Li2-yMn2O4 

(tetragonal) phase formation as the Li-O and Mn-O bond lengths continuously vary during 

(de)lithitation. First-principles calculations further identified these metastable phases and provided 

their detailed descriptions on both the crystallographic and the magnetic structures. Accordingly, 

we propose a comprehensive understanding on the reaction mechanisms involving the solid 

solution regions within both cubic and tetragonal symmetry in addition to the two-phase transition 

between them. Furthermore, it is demonstrated that the tetragonal-spinel possesses a more robust 

lattice than the cubic-spinel in terms of varying the Li composition without changing its volume. 

The lack of substantial change in lattice volume is ascribed to the oppositely varying trend between 

MnO6 and LiO6 octahedral volume. We also believe such metastable intermediate phases exist in 

most of the two-phase reaction process irrespective of reaction rates. These findings redefine the 

conventional understandings on two-phase reactions and possibly lead to a wider search for 

chemical compositions to improve performance of lithium-ion batteries.  
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