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Abstract 

The performance of the high voltage spinel LiNi0.5Mn1.5O4 (LNMO) in Li-ion batteries strongly 

depends on its synthesis conditions, actual Ni/Mn stoichiometry, and degree of ordering of Ni 

and Mn. Depending on the extent of this ordering, the spinel structure can be described in the 

conventional space group Fd3�m as the non-substituted LiMn2O4 or, for the highly ordered 

phase, in the space group P4332. As previously reported in the literature, using neutron and 

electron diffraction, a qualitative description of the extent of ordering can be achieved and 

roughly related to the electrochemical performance of LNMO. To deeper characterize and 

understand this complex system, in this paper, we will show that Raman spectroscopy, and 

especially the characteristics of the band located at 160 cm-1 attributed for the first time to a 

twisting motion of octahedral entities, allow to estimate the degree of ordering in LNMO, 

whereas NMR spectroscopy allows to give a clear description of the local environments of Li, 

in relationship with the Ni/Mn stoichiometry and extent of ordering. Theoretical calculations 

were used to support the analysis and attribution of the Raman and NMR signals/spectra. These 

spectroscopic characterizations enabled in-depth insights into the complexity of LNMO in 

stoichiometry, degree of ordering, and purity versus the presence of rock-salt or layered oxides 

as defects or crystalline domains. 
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Introduction  

The spinel, typically described as LiNi0.5Mn1.5O4 or LiNi0.5-xMn1.5+xO4 (LNMO), is a highly 

studied positive electrode material for the next generation of lithium-ion batteries owing to its 

high operating voltage (~ 4.7 V vs. Li+/Li0) and specific capacity of 147 mAh.g-1.1–3 Indeed, 

LNMO positive electrode material possesses a high energy density of 650 Wh/kg, similar to 

that of LiNi0.6Mn0.2Co0.2O2 (considering a discharge capacity of 170 mAh.g-1 and a cut-off 

voltage of 4.3 V) but with a reduction of 30% of critical elements (Li, Ni, Co) compared to this 

latter. Two LNMO structures can be obtained depending on the synthesis conditions, differing 

in composition (mainly in transition metal ratio) and the distribution of Ni and Mn among the 

transition metals' sites.4 The disordered LNMO, described in the Fd3�m space group, is obtained 

when the transition metal ions are statistically distributed among the 16d octahedral sites. In 

contrast, the ordered LNMO, described in the P4332 space group, is obtained when the Ni2+ and 

Mn4+ transition metal ions are localized on the 4b and 12d octahedral sites, respectively. The 

disordered LNMO is stabilized when oxygen loss occurs at high temperatures, inducing the 

formation of Ni-rich rock-salt type impurities, and thus Ni/Mn non-stoichiometry (< 1/3) and 

partial reduction of Mn4+ to Mn3+ into the spinel phase for charge compensation.5–7 

Traditionally, the disordered LNMO displays better electrochemical performance than the 

ordered one due to a higher electrical conductivity. The disorder in the structure allows the 

delocalization of the electrons between adjacent nickel octahedral sites (Ni2+, Ni3+
, and Ni4+), 

whereas, in the ordered structure, all the Ni2+ ions are only surrounded by electrochemically 

non-active Mn4+ ions, thus blocking the delocalization. However, the presence of Mn3+ and 

redox activity of the Mn3+/Mn4+ redox couple during extended cycling lead to structural 

instability, manganese dissolution, and capacity decay, especially in full cells versus graphite 

due to the cross-talk between the positive and negative electrodes.8,9  

In fact, a 'degree of ordering' is often observed rather than ideal lattice descriptions.10–12  The 

main challenge to successfully bring LNMO to commercialization is understanding the 

relationship between synthesis conditions, composition, structure and electrochemical 

properties, to reach optimized performance. An averaged structural information showing 

differences in the degree of ordering is usually obtained by neutron diffraction12–15. The local 

structure and ordering process are commonly tracked using spectroscopy tools such as 6,7Li 

solid-state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)16,17, Raman18,19 

or Fourier Transformed Infra-Red (FTIR).20,21 
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Raman spectroscopy is one of the cost-effective methods for probing LNMO's local 

environment. Ordering the transition metal ions on distinct sites in the spinel framework results 

in a lowering of the symmetry from the unit cell described in the cubic space group Fd3�m 

(n°227) to the other one described in the cubic space group P4332 (n°212), which increases the 

expected Raman-active modes from 5 to 40. In a Raman spectrum of LNMO, most of the 

observed bands in the 350 and 700 cm-1 range are assigned to the vibrations of the transition 

metals and their environments, which allows us to follow their evolution22,23. The degree of 

ordering is roughly qualitatively assessed through the sharpness and larger number of vibration 

bands for the ordered LNMO compared to the broadening and smaller number of Raman active 

modes for the disordered LNMO. However, among a series of samples showing the same 

number of Raman active peaks with similar shapes, the difference can also be finely evaluated 

through a change in the relative intensity of the first band at ~160 cm-1. This Raman band 

appears to depend on the degree of ordering 6,24,25, but surprisingly, it is barely identified in the 

literature for LNMO, and its origin is never discussed. 

For paramagnetic materials, the position and shape of the MAS NMR signals depend on the 

transition metal arrangement around the probed nucleus, here 7Li, and on hyperfine interaction 

of unpaired electrons of transition metals with the Li s orbitals. The assignment of the NMR 

peaks to structural environments is not straightforward in paramagnetic materials. The use of 

DFT calculations to understand the NMR Fermi contact shifts has been proven as a reasonable 

strategy 26–30. However, the assignment of the NMR signals in LNMO is still controversial, due 

to its complex structure. Generally, the degree of ordering is assessed solely based on the 

number of resonances observed for the sample.  If a single resonance is detected, it is attributed 

to an ordered P4332 structure. Conversely, when a broad NMR signal envelope is detected, it 

is attributed to a disordered Fd3�m structure. A previous study by Cabana et al.31 aimed to 

attribute observed environments by combining the calculated probability for different Ni/Mn 

environments for Li, based on neutron diffraction experiments for a prepared LNMO sample, 

using varying Ni: Mn ratios around the Li atoms from 0 Ni: 12 Mn to 12 Ni : 0 Mn. While 

commendable as an initial endeavor, their model omitted possible Ni-Mn exchange between 

the 4b and 12d sites within the global stoichiometric ratio, nor the presence of Mn3+ due to a 

non-stoichiometry in Li/M or Ni/Mn. Being critical defects for LNMO compounds depending 

on the synthesis conditions, these hypotheses merit consideration to support this study and 

others to come. 
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A precise comprehension of the ordering process within the spinel structure of LNMO remains 

elusive due to its intimate relationship with the synthesis conditions, which depends on the 

thermal treatment (temperature, duration, atmosphere, among others …) but also on the Li:Ni: 

Mn stoichiometry within the pristine precursor mixture. It explains why the degree and origin 

of ordering remain controversial in the scientific community, which is still seeking a deeper 

understanding and, thus, the support of adapted characterization tools.  

In this paper, we combined theoretical DFT calculations with experimental NMR and Raman 

spectroscopy characterizations of highly disordered and highly ordered LNMO samples to 

provide a full comprehension of the observed spectra. This contribution is expected to 

substantially aid in acquiring valuable information regarding the fundamental mechanisms 

steering the ordering phenomenon.  

 

Experimental Method  

1. Material Synthesis 

The LNMO samples were prepared by molten salt synthesis, as described in detail in our 

previous work.32 Stoichiometric amounts of Ni(NO3)2·6H2O and Mn(NO3)2·4H2O (1:3) were 

mixed with an excess amount of LiCl salt (with a ratio of 35 for number of moles of 

LiCl/number of moles of transition metals) to obtain 1g of LNMO. All powders were provided 

by Sigma-Aldrich (> 97,0 %). The powder mixture was calcinated at 750°C for 4 hours in a 

tubular furnace in an alumina boat under an air atmosphere. The heating ramp was at a rate of 

3°C per minute, while the cooling ramp was at 1°C per minute. The excess of LiCl was first 

washed using distilled water and then several times with ethanol to successfully clean any 

residual salt at the material's surface. The obtained compound was named "d-LNMO" for 

disordered LNMO, whose structure is described in the Fd3�m space group with a random 

distribution of the transition metal ions within a single octahedral crystallographic site. An 

additional annealing step was performed under continuous O2 flow at 700°C for 24 hours to 

order the transition metals, the nickel ions occupying one octahedral site and the manganese 

ions at another octahedral site (4b and 12d sites, respectively, in P4332 space group). This 

annealing step was repeated a second time with a grinding step in between to homogenize the 

material. The heating ramp was kept the same as for the first annealing, while the cooling ramp 

was increased to 2°C per minute. The obtained re-annealed LNMO powder was labeled "o-
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LNMO" for ordered LNMO, whose structure is described in the P4332 space group, as seen in 

the neutron diffraction pattern in Figure 1a.  

2. Material characterization  

Powder X-ray diffraction (XRD) measurements were carried out with a PANalytical Empyrean 

Diffractometer with Cu Kα1,2 radiations in a Bragg-Brentano configuration. Diffraction patterns 

were collected in a 2ϑ range of 15-120°(2ϑ) with a scan step of 0.008° for a total acquisition of 

20 hours. The room temperature neutron powder diffraction (NPD) data were measured on the 

D2B high-resolution diffractometer of the Institute Laue-Langevin (ILL) in Grenoble, France 

(transmission geometry with a wavelength of 1.594 Å) in the 2θ angular range of 0-160° with 

0.05° 2θ-steps during a total accumulation time of 4h per pattern. The structural parameters 

were determined using the FullProf program33 via Le Bail and Rietveld refinements.  

To determine the composition in Li, Ni, and Mn, elemental analyses by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) were performed using Agilent 5800 

spectrometer after complete dissolution of the sample in an equal volumic mixture of 

hydrochloric (HCl) and nitric (HNO3) acids. The Li:Ni:Mn ratios were found to be in good 

agreement with those expected 1:0.5:1.5, as reported in Table S1 in supplementary information.  

The electron diffraction patterns were collected using the selected area technique (SAED) on a 

microscope JEOL JEM-2100 (LaB6) at 200 kV with an Orius 200D (Gatan) camera. The 

LNMO powder was dispersed in EtOH and deposited on a copper TEM grid.  

The Raman spectra were acquired using a confocal LabRAM HR Evolution micro-spectrometer 

(Horiba) using a 633 nm Argon gas laser source and a 600 gr/mm grating. Each spectrum was 

collected from 100 to 800 cm-1 using a 10.6 mm focal length lens, with an acquisition time of 

10 s and 40 accumulations. All the data were normalized to the intensity of the peak at 500 

cm-1, as the oxidation state remains constant for Ni between samples (i.e., Ni(II)).  

7Li solid-state MAS NMR experiments were performed on a Bruker Avance III 100 MHz (2.35 

T) spectrometer with a 2.5 mm MAS probe. A rotor-synchronized Hahn echo (π/2−π) sequence 

was used with a π/2 pulse length of 1.1 μs and a recycle delay of 0.2 s. 96000 scans were 

acquired. The spectra were referenced to a 1 M solution of LiCl. All samples were prepared 

under air, and spinning frequencies were set to 30 kHz. The spectra were fitted using the Dmfit 

software.34 

3. Electrochemical characterization  
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The positive electrodes were prepared by mixing 80:10:10 wt.% of synthesized LNMO powder, 

carbon black conductive additive (Alfa Aesar, 99.9%), and Poly(vinylidene fluoride) (PVDF, 

Sigma-Aldrich) binder in 1-methyl-2-pyrrolidone (NMP, Sigma Aldrich, 99.5%) for 3 hours 

under stirring, and then the obtained slurry was cast on Al foil. The prepared positive electrodes 

were assembled in CR2032-type coin cells using Li metal as the negative electrode and a 

Whatman® separator impregnated with the 1M LiPF6 EC/DMC electrolyte (1:1 w/w ethylene 

carbonate (EC) / dimethyl carbonate (DMC)). The electrode loading for all samples was around 

~3 mg/cm2 of LNMO active material. 

4. Computational Details 

Simulation of Raman spectra - To investigate the vibrational properties of LNMO ordered 

structure, the B3LYP density functional method, well-known for its ability to reproduce this 

type of property and a spin-polarized all-electron description, was employed.22,35–39 

Calculations were performed on relaxed structures within the harmonic approximation using 

the CRYSTAL17 code.40 The Raman intensities were determined using the analytical Coupled 

Perturbed Kohn-Sham (CPKS) method.41,42 High-density k-mesh was employed as well as large 

Gaussian-type basis sets:22,40–43 6-11 for Li, 86-411 (d41) for Mn, 86-411 (d41) for Ni, and 8-

411 for O38,43, respectively to ensure the convergence of the optical properties. 

Simulation of NMR shifts - Different crystal structures were fully relaxed with the Vienna ab 

initio Simulation Package (VASP).44,45 Spin-polarized DFT calculations were performed, and 

projector-augmented wave potentials45 were used to replace core electrons, whereas Li (2s), Mn 

(3p, 3d, 4s), Ni (3p, 3d, 4s) and O (2s, 2p) valence electrons were expanded in plane-waves 

with a cut-off energy of 600 eV. The Perdew-Burke-Ernzerhof (PBE)46 exchange-correlation 

function was used with a Monkhorst-Pack grid. Atomic positions and unit cell were relaxed 

with a residual force threshold of 0.02 eV.Å-1. The generalized gradient approximation with the 

Hubbard parameter correction (GGA+U) of Dudarev et al.47 was employed with a U value of 

3.9 and 6.2 for Mn and Ni, respectively, and a k-mesh dense enough to reach the convergence. 

The chemical shifts were calculated as in previous reports.27,48–50 The NMR signals were 

simulated using a Gaussian function with the “numpy” and “peakutils” libraries in Python. The 

peak position was obtained from the computed chemical shift. The amplitude was obtained 

from the amount of environments corresponding to the defined shift position. The peak width 

was adjusted to resemble the d-LNMO experimental line broadening with a FWHM of around 

50 ppm.  
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Results and discussion 

The two prepared LNMO samples will be carefully characterized and compared in the 

following, combining solid-state NMR and Raman spectroscopies as well as theoretical 

calculations to support the in-depth characterization of these spectroscopic data. However, it is 

first imperative to establish a comprehensive understanding of the two samples: o-LNMO, 

which exhibits a high degree of ordering of transition metals, and d-LNMO, characterized by a 

high transition metal disorder.  

Their XRD patterns, given in Figure S1 in the supplementary information, reveal the formation 

of single spinel-type phases without impurities such as NiO-type rock-salt, which is not 

common for the disordered spinel as reported recently in previous work32, but essential for in-

depth characterization of the degree of ordering. Their lattice parameters are 8.1759(2) Å and 

8.1679(4) Å for d-LNMO and o-LNMO, respectively. This decrease of parameter with the 

transition metal ordering is consistent with previously reported data in the literature and is due 

to the oxidation of Mn3+ into Mn4+ during the second annealing step, as their ionic radii are 

0.785 Å for Mn3+ and only 0.67 Å for Mn4+ 51,52.  

Neutron powder diffraction (NPD) was used to obtain an average description of the cationic 

ordering, as the difference in neutron scattering lengths between Ni and Mn atoms (bMn = -3.73 

fm and bNi = 10.3 fm, respectively53) enables differentiation of their positions. Indeed, while 

the XRD patterns in Figure S1 suggest that the two phases are very similar, the corresponding 

NPD patterns reveal a clear difference in the number of diffraction peaks observed for d-LNMO 

and o-LNMO, as highlighted in Figure 1a. For o-LNMO, the presence of reflections with "h", 

"k" and "l" of different parity (violating the reflection condition for the F-centered lattice), such 

as (110), (210) and (211), indicates a lowering of the symmetry from Fd3�m to P4332 due to an 

ordered distribution of Ni and Mn within the structure in two different octahedral sites.13 

Several hypotheses of defects were evaluated in these spinel-type phases by refining their 

neutron diffraction patterns with the Rietveld method, including a possible non-stoichiometry 

in Ni/Mn in both samples, cation mixing on the two octahedral sites of o-LNMO, and exchange 

between the tetrahedral and octahedral sites of o- and d-LNMO. Initially, the sites' occupancies 

of Li and O atoms were assessed, and this indicated a tendency toward full occupation of sites, 

which agreed with the theoretical description. Then, the stoichiometry in Ni/Mn was checked. 

For d-LNMO, a 2.5% of Mn over-stoichiometry was revealed (Figure S2 and Table S2), while 
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for o-LNMO, it decreased to 0.5%. The chemical formula of the spinel phase can thus be written 

as LiNiII
0.461MnIII,IV

1.539O4 for d-LNMO, with 5% of Mn3+, and LiNiII
0.492MnIII,IV

1.508O4 for o-

LNMO, with less than 1% Mn3+. Furthermore, despite similar compositions in Ni and Mn for 

the two samples o- and d-LNMO and, as just discussed, different stoichiometries in transition 

metals for the spinel phases they contain, no secondary phase was identified by XRD and NPD. 

Nevertheless, despite not being observed, most probably due to too small coherent domain size 

for diffraction, Ni-rich domains should exist for composition compensation. Note that the 

cation-mixing model was found invalid for o-LNMO due to negative occupancies for Mn in the 

4b site and Ni in the 12d site. Similarly, no Li/Mn exchange was identified for o- and d-LNMO 

between tetrahedral and octahedral sites. However, a small exchange was found to be possible 

between Li in the tetrahedral site and Ni in the octahedral site: only 0.2% for d-LNMO (Table 

S2) and 1.2% for o-LNMO, with similar results and reliability factors to those obtained for the 

fully ordered spinel structure (Figure S3, Table S3). Even though neutron diffraction provides 

insight into the general composition of the spinel-type phases, it remains an average structural 

description. Insight from spectroscopies is clearly required to get local information, confirm 

any possible Li/Ni exchange for o-LNMO, and especially describe the distribution of Ni/Mn 

among the octahedral sites of d-LNMO. Indeed, in the Fd3�m unit cell, Ni and Mn atoms occupy 

the same crystallographic site. 

As shown in Figure S4, selected area electron diffraction (SAED) patterns support the 

homogeneity of the samples at the LNMO primary particle level. Indeed, all diffraction patterns 

collected for o-LNMO showed additional diffraction spots along the zone axis that permit the 

distinction of the two structures, in agreement with the local ordering of Ni and Mn within the 

transition metal network. In contrast, their absence in all diffraction patterns collected for d-

LNMO confirmed the transition metal disorder. 
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Figure 1: (a) Comparison of powder neutron diffraction patterns of d-LNMO and o-LNMO 
samples. (b) Second cycle charge-discharge galvanostatic curves at C/10 cycling rate. 

 

Figure 1b compares the second charge/discharge curves of both LNMO materials at a cycling 

rate of C/10 (10 hours for one theoretical Li+ exchange), this one being representative of actual 

Li+ (de-)intercalation from the active material while the first cycle is also affected by electrolyte 

degradation at high voltage and associated to the formation of the cathode-electrolyte interface 

(CEI). For the sample d-LNMO, a reversible electrochemical activity is observed at around 4.0 
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V vs. Li+/Li, corresponding to the Mn3+/Mn4+ redox couple. This contribution has almost 

vanished for the sample o-LNMO, as expected, considering its synthesis conditions and 

structural description discussed in detail just before. The contribution of the Mn redox activity 

to the global capacity is estimated by the analysis of the dQ/dV plots given in Figure S5 to be 

4% for the sample d-LNMO, while it decreases to 1% for o-LNMO, in agreement with the Mn3+ 

content estimated by the neutron diffraction analysis. Concerning the Ni redox, two different 

mechanisms were observed depending on the cation distribution within the transition metal 

network, either ordered or disordered, as reported in the literature4. The sample d-LNMO is 

characterized by an electrochemical curve with two distinct activities (one pseudo-plateau and a 

plateau) at 4.69 V and 4.75 V vs. Li+/Li, corresponding to a solid-solution reaction involving 

the Ni2+/Ni3+ redox couple and to a biphasic reaction involving the Ni3+/Ni4+ redox couple, 

respectively. In contrast, for o-LNMO, two consecutive biphasic plateaus were observed at 

rather similar voltages, i.e., 4.74 and 4.76 V vs. Li+/Li (Ni2+/Ni3+/Ni4+ redox couples). The 

discharge capacity is higher for the sample d-LNMO than for the sample o-LNMO, 138 mAh.g-1 

vs. 128 mAh.g-1, respectively. This higher capacity observed for disordered material agrees 

with previous studies that have been reported.54,55  
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Insights of Raman Spectroscopy on Transition Metal Order and Possible Defects  

 

Figure 2: Raman spectra of prepared LNMO samples. The intensity was normalized based on 

the peak observed at ~500 cm-1, sensitive to the Ni oxidation state and its coordination (here 

unchanged, as there is only Ni2+).  

 

Raman spectroscopy is one of the most widely used techniques for evaluating the degree of 

transition metal ordering within the spinel system. Because of the change in lattice symmetry 

between the two structures, there is a great difference expected both in the Raman bands' width 

and in the number of Raman active modes predicted from group theory applied to the ideal 

structure: A1g + Eg + 3F2g active modes for disordered spinel (Fd3�m s.g.) vs. 6A1 + 14E + 20 

F2 for ordered spinel (P4332 s.g.). Figure 2 compares Raman spectra collected for the two 

LNMO samples. For d-LNMO, a spectrum with seven distinguishable broad peaks at 160, 400, 

495, 525, 590, 635, and 655 cm-1 is observed, consistent with the formation of a disordered 

spinel phase 55,56. The reason behind the increased number of observed Raman bands (7) in 

comparison to the predicted ones (5) primarily arises from the presence of different cations 

(Ni2+, Mn3+, and Mn4+) occupying the same site, leading to distinct MO6
n- local environments, 

which is not predicted for the ideal structure. In contrast, for o-LNMO, a highly resolved 

spectrum with many active modes and a significantly greater overall intensity is obtained. The 
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40 expected vibrations are, most of the time, experimentally not all observed for an ordered 

spinel phase. This can be attributed to certain modes having activities close to zero, as well as 

to imperfect transition metal ordering and experimental resolution limitations. Our o-LNMO 

exhibits one of the highest resolved spectra ever reported to date, with multiple sharp peaks of 

small intensity that can be clearly distinguished from the baseline, indicative of a locally high 

degree of ordering (Figure S6). Moreover, the sharpness of the bands reaching the experimental 

value with FWHM (full width at half maximum) of 3 cm-1
 (Figure S7) confirms the high 

resolution and, consequently, the high ordering in the system.  

Most of the observed peaks in the spectra can be attributed to their corresponding vibration 

modes, thanks to both previous experimental and theoretical work on the spinel structure22,23,56 

and this work. At higher wavenumbers, nucleus-focused vibrations can be observed, providing 

information about the metal coordination environment. Figure S7 presents the decomposition 

of the obtained spectra for both samples, and Table S4 shows their attribution. The intense peak 

observed for d-LNMO, around 635 cm-1
, has A1g symmetry and is primarily associated with the 

stretching of Li-O bonds, particularly involving the displacement of oxygen atoms bonded to 

Mn ions, which leads to the breathing of the MnO6 octahedron22. Thus, its frequency is sensitive 

to the degree of oxidation of the Mn atoms. Similarly, the intensity of the shoulder observed at 

655 cm-1 is influenced by the concentration of Mn3+ exhibiting a local Jahn-Teller (JT) type 

distortion. The shift to higher wavenumbers results from local distance disparities, and the 

intensity is proportional to JT Mn3+ concentration as polarizability is extensive.57 This shoulder 

observed at 655 cm-1 for the d-LNMO sample disappears for the o-LNMO sample that has 

undergone the second annealing at 700°C, confirming thus the oxidation of Mn3+ into Mn4+ 

during this thermal treatment. 

Between 550 and 700 cm-1, a splitting of the F2g modes is observed when the spinel-type 

material is ordered, indicating a lowering of the lattice symmetry. The peaks around 400 and 

495 cm-1 also originate from vibrations of the Li-O bonds, but this time, the oxygen atoms are 

predominantly connected to nickel. Thereby, these two bands are mainly sensitive to the 

oxidation state of the Ni atom.22  

Additional information about the organization at a longer range can be obtained at low 

wavenumbers associated with lattice vibrations in Raman spectroscopy. For instance, despite 

being rarely commented on, the Raman spectra are often not reported with a Raman shift below 

200 cm-1; the drastic change in intensity observed on the peak at 160 cm-1 is a good indicator of 

the degree of ordering. The higher the intensity for this peak, the more ordered the spinel phase 
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is. However, its origin was never precisely explained. This type of low wavenumber mode is 

also observed for phases such as Co3O4
58, NiCo2O4

59
, and NiFe2O4

60,61 spinels, and it was 

tentatively attributed to the presence of a highly polarizable divalent metal, such as Co(II), 

Ni(II) and Fe(II) in tetrahedral sites. Intending to understand the origin and changes in the 

intensity of this vibration band and verify the effects of possible defects on the experimental 

spectra, we thus conducted DFT calculations on the ideal and defective lattices of the P4332 

structure.  

 

Figure 3: The experimental Raman spectrum of the o-LNMO sample (a) was compared to 

different calculated spectra: the defect-free spectrum (b), the hypothetical models considering 

Li/Mn (c) and Li/Ni (d) antisite defects. These models are assumed at an exchange rate of 0.125. 

A scaling factor of 0.96 was applied to the wavenumbers62, and a classical half-value Lorentzian 

width of 5 cm-1 was used to accurately reproduce the intensities of each normal mode.  

 

Figure 3 compares the experimental Raman spectrum and the spectrum calculated for the 

ideally ordered P4332 structure. It reveals a rather good agreement between both, especially in 

the positions of the different peaks and more roughly in their intensities: indeed, some are 

underestimated.  

As mentioned, we are mainly interested in the low-frequency peak at ~160 cm-1 and the effect 

of possible defects on its position and intensity. Based on our calculations, it contains two 
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distinct normal modes involving the participation of lithium and oxygen atoms, with a different 

contribution from the second coordination sphere (i.e., the transition metals). The first mode 

with A1 symmetry and positioned at 171 cm-1 (from theoretical calculations) corresponds to a 

twisting motion of octahedral entities, on average, for 3 Mn (Video S1). The second threefold 

degenerated F2 mode, located at 166 cm-1 involves a twisting and gliding motion in the three 

directions of the space of entities comprising 3Mn and 1Ni with a major participation of the 

latter (Video S2). The A1 mode exhibits the highest intensity, while the intensity of the F2 mode 

is almost negligible (relative activity is about 28 times greater).  

To better understand the origin of this peak, different models with local defects were explored: 

(i) First, with a Li/Ni or Li/Mn exchange between transition metal atoms in octahedral sites (4b 

or 12d) and lithium atoms in tetrahedral sites (8c), then (ii) with a Mn/Ni exchange between the 

octahedral sites of transition metals (12d and 4b). More details are given on these models in the 

supplementary information, and Table S5 compares especially their stability versus that of the 

fully ordered spinel-type structure.  

Li/Mn and Li/Ni antisite defects reveal more noticeable alterations in the 600-700 cm-1 region 

than in the low-frequency region (Figure 3c-d). First, as highlighted by the comparison of free 

energy versus that of the perfectly ordered spinel o-LNMO in Table S5, the exchange between 

Td/Oh sites is unexpected as it shows lower thermodynamic stability than the reference ordered 

model. Then, the wave numbers corresponding to the hard modes, specifically those above 500 

cm-1, are blue-shifted by 25-70 cm-1. Notably, the most prominent mode within the ordered o-

LNMO phase, which is initially calculated at 640 cm-1, is shifted approximately by 35 cm-1 

(Table S6). This variation is mainly attributed to the shortening of some M-O distances versus 

those observed for the o-LNMO reference phase. The absence of predicted frequency shift and 

intensity increase for antisite Td/Oh defects in the experimental spectra refutes further major 

Li/Ni or Li/Mn exchange in the highly ordered phase. This agrees with neutron diffraction 

analysis on the o-LNMO sample, as no Li/Mn exchange was observed, and only limited Li/Ni 

with less than 1.2% was found plausible. Besides, as highlighted in Figure S8, the Ni/Mn 

(Oh/Oh) exchange is also not observed in the ordered P4332 sample.  

Finally, all the considered models were found to be less stable than the fully ordered structure 

for the stoichiometric composition LiNi0.5Mn1.5O4, and they always predicted a lower intensity 

for the Raman mode at 160 cm-1. However, even with the stoichiometric consideration, the 

theoretical calculations are limited in replicating this intense and sharp peak. The functional 

used for the calculations may be exaggerating the polarizability of the M-O bonds, thus 
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increasing the relative intensity of the high-frequency bands, mitigating the overall intensity on 

the low-frequency region. Additionally, numerous studies have demonstrated that the FWHM 

of a mode is inversely proportional to the phonon's lifetime.63–66 This latter is maximal for a 

perfect crystal, whereas it becomes shorter when the coherent domain size decreases, as limited 

when phonons encounter defects. Consequently, we can hypothesize that an increased coherent 

ordered domain size (calculated as 45 nm for the o-LNMO from NPD data as discussed earlier) 

can lead to a sharp vibration band at 160 cm-1 (The FWHM decreases to 3 cm-1 experimentally) 

while rising its intensity. Note that the larger peak shape at ~160 cm-1 observed for d-LNMO 

(Figure 2) is, as expected, in good agreement with the existence of a large number of defects, 

small coherence length, and thus limited phonons' lifetime. It is important to point out that in 

this case, the presence of different cations (e.g., Ni2+, Mn3+, and Mn4+) on the same 

crystallographic site is perceived as a defect, reducing phonon's lifetime. Finally, our results 

have shown that the origin of the high intensity and sharp band at 160 cm-1 comes from large, 

highly ordered domains and not from antisite defects in the structure. 
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Insights of Nuclear Magnetic Resonance Spectroscopy on Transition Metal Order and 

Local Li Environments  

 

Figure 4: 7Li solid-state MAS NMR spectra and their decomposition for d-LNMO and o-LNMO 

phases. 

7Li solid-state MAS NMR is a useful tool for getting local information on transition metal 

organization in spinel structure because of its high sensitivity to changes in the coordination 

shells around Li atoms. It thus allows the degree of ordering to be evaluated.67 Figure 4 

compares the 7Li solid-state MAS NMR spectra of d-LNMO and o-LNMO samples normalized 

to maximum intensity. Note that no additional peaks close to 0 ppm and associated with 

diamagnetic impurities are observed for o-LNMO in the full spectrum given in Figure S9, while 

there is a small diamagnetic signal for d-LNMO in relation with a tiny amount of residual LiCl 

precursor, not detected by XRD. For o-LNMO, one observes only signals in the 900-1000 ppm 

range, which agrees with the expected resonant shift for Li in a tetrahedral site in the P4332 

spinel structure and surrounded by 3 Ni2+ and 9 Mn4+ ions occupying the 4b and 12d sites, 
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respectively.16,68 This result is in accordance with previously reported data for LNMO 

synthesized using a molten salt synthesis with an excess of salt.52,69 Nevertheless, instead of 

observing a single resonance in this 900-1000 ppm region,  the decomposition of the spectra of 

o-LNMO shows additional peaks with small shifts (~10-15 ppm) of different widths. These 

could be attributed to punctual Mn-Ni antisite defects, which do not modify the overall 

coordination sphere of lithium, keeping 9 Mn and 3 Ni atoms in its environment, but would 

slightly affect the local environment regarding the bond lengths and angles (see, for instance, 

ideal and O-Ni2Mn configurations in Figure 6a). In contrast, the NMR spectrum collected for 

d-LNMO shows a broader profile due to the co-existence of different Li environments, even if 

a dominant resonance is observed at around 920 ppm, like for o-LNMO. The decomposition of 

the spectrum reveals seven different contributions, which have been previously attributed to the 

wide distribution of Li environments where the Ni:Mn number of neighbors changes.31,68,70 The 

line broadening can thus be explained by subtle differences regarding bond lengths and angles 

for a given Ni/Mn environment. Overall, these results indicate that the additional annealing step 

at 700°C for 24h under O2 strongly orders d-LNMO in agreement with the previous trends 

reported on spinel structure.  

The NMR shifts observed in paramagnetic compounds primarily arise from the delocalization 

of the unpaired d electrons of the transition metals to the probed nucleus, which induces a local 

magnetization known as the Fermi contact shift. The amount of transferred spin will depend on 

the local environment of the nucleus under measurement. Therefore, studying their local 

environments will sometimes help to get a rough understanding of changes in the NMR shifts. 

Nevertheless, even if estimations can sometimes be done depending on the nature, angle, and 

bond distances of the implied atoms, this is often much more complex, so for accurate results, 

DFT calculations are required. 26–29,71–75 In the spinel structure, lithium atoms lay in tetrahedral 

environments and are surrounded by four oxygen atoms. Each oxygen atom is at the same time 

linked to three additional transition metals (nickel or manganese). In the ordered P4332 phase, 

there is ideally only a single lithium environment, as shown in Figure 5a. Each lithium is linked 

to 3 O-Mn2Ni and to 1 O-Mn3, making the first sphere of metal coordination of 9 Mn and 3 Ni. 

Therefore, even if there is a single lithium environment, there are two different oxygen 

environments. The spin transfer of the O-Mn3 and O-Mn2Ni configurations are shown in 

Figures 5b and 5c, respectively. O-Mn3 transfers a small positive spin (in yellow) to the lithium 

atom. In contrast, the positive spin transfer in O-Mn2Ni is considerably larger; however, it does 

not directly point toward the lithium atom but in the opposite direction with respect to the nickel, 
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resulting in an angle of around 66° with the lithium atom. The sum of the spin transfers results 

in a calculated NMR shift of 940 ppm for the ordered structure according to DFT calculations, 

which strongly matches with the position of the experimental signal (920 ppm).  

 
Figure 5: (a) Local environment around the lithium atom in the o-LNMO spinel. Spin density 

of the (b) O-Mn3 and (c) O-Mn2Ni configurations. For visualization purposes, only the spin 

density on the oxygen is shown, where the yellow density map represents the positive spin 

transfer, and the clear blue is the negative. Green spheres represent Li, purple spheres Mn, and 

grey spheres Ni.  

 

The experimental ssNMR spectrum collected for d-LNMO typically exhibits multiple lithium 

environments (Figure 4). To correctly assign these environments, multiple LNMO structures 

have been generated by randomizing the positions of manganese and nickel atoms in the Fd3�m 

cubic system with the help of the PyMatGen (Python Materials Genomics) library.76 A total of 

23 different possible configurations were considered, which have been named from S1 to S23, 

ordered according to their Ewald energy (the manganese has been treated as Mn4+ and the nickel 

as Ni2+), S1 the most electrostatically stable and S23 the least (Figure S10a). The most stable 

first three structures contain an ordered arrangement, where all the lithium atoms are surrounded 

by 3 O-Mn2Ni and 1 O-Mn3. It is noticeable that the P4332 (S3) is not the electrostatically most 

stable, and two more stable structures have been found. In contrast, in the rest of the computed 

structures, the disorder between transition metals is larger. The lower stability of the disordered 

phases is due to the local concentration of Mn4+-rich and Ni2+-rich clusters, resulting in irregular 

charge balance. For more accurate results, as well as the calculated NMR shift for each 

structure, DFT calculations have been carried out in the ten most electrostatically stable 
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structures (Figure S11), and their DFT energies are plotted in Figure S10b. In this case, the 

well-known ordered P4332 (S3) is the most stable configuration after geometry optimization 

with DFT calculations. The second most stable structure, S2 shows an energy of 46 meV higher 

than S3. Even if the lithium atoms are also surrounded by 3 O-Mn2Ni and 1 O-Mn3 

configurations, the relative positions of the transition metals result in different local geometry. 

Its computed NMR shift slightly varies from that observed for Li in the ideal P4332 structure 

(960 ppm), which agrees with the interpretation we just proposed for the additional peaks 

observed in the spectrum of the o-LNMO. The rest of the considered structures have additional 

structural disorder, which generates different local environments for lithium versus the number 

of surrounding Ni and Mn ions. They are illustrated in Figure 6a, while their simulated NMR 

spectra based on calculated NMR shifts (Table S7) are displayed in Figure 6b.  

Based on the computed NMR shifts, the resonances observed at 924 and 862 ppm for d-LNMO 

are both attributed to the ideal 1 O-Mn3 and 3 O-Mn2Ni configurations. The difference between 

these two chemical shifts comes from the second coordination environment; while the peak at 

924 ppm comes from an ordered second coordination sphere, the resonance at 862 ppm is 

caused by a disordered second coordination sphere with manganese and/or nickel-rich zones. 

The resonance at 788 ppm is attributed to manganese-rich regions, where the first coordination 

sphere of lithium is composed of 10 Mn and 2 Ni atoms (2 O-Mn3 and 2 O-Mn2Ni). In contrast, 

when the coordination sphere of the lithium is nickel-rich with 8 Mn atoms and 4 nickel (4 O-

Mn2Ni), the NMR signal appears at higher ppm values than for the ideal environment. We can, 

therefore, conclude that the NMR spin density transfer of the O-Mn3 is lower than the O-Mn2Ni. 

Finally, we have also identified lithium atoms whose first coordination sphere is the same as 

the ideal one in terms of the number of atoms (9 Mn and 3 Ni), but their distribution among the 

oxygen atoms is different. In particular, one oxygen is linked to 2 nickel atoms forming a O-

MnNi2, and the rest of the environment is composed of 2 O-Mn3 and 1 O-Mn2Ni resulting in a 

chemical shift of 992 ppm. This study enables the accurate attribution, for the first time, of all 

the NMR signals observed for the disordered LNMO, demonstrating that the broad spectrum is 

not only observed due to differences in Mn:Ni ratio but can also arise from the different 

arrangements within the expected 3:1, and allowing for the quantification of each lithium 

environment. Finally, the additional experimental peaks observed at low ppm values (730 and 

660 ppm) are assigned to Mn3+-rich regions due to the higher presence of these found by the 

electrochemical analysis. However, in this work, only the stoichiometric formula has been 

considered. 
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Figure 6: (a) Representation of Li configurations found in disordered spinel LNMO. Green, red, 

purple, and grey circles represent Li+, O2-, Mn4+, and Ni2+ ions. (b) Simulated NMR spectra for 

calculated structures containing the local environments shown in (a). The two ideal 

environments are different in their second coordination shells.  

 

In summary, neutron diffraction refinements revealed that the spinel phase contained in d-

LNMO has a Mn over-stoichiometry of 2.5 %, resulting in a Mn/Ni ratio of 1.54/0.46. 

Conversely, the spinel phase in o-LNMO was demonstrated to be close-to-ideal stoichiometry 

(i.e., 1.5:0.5 for Mn:Ni) as expected for a fully ordered spinel. The compositions proposed for 

the spinel phases in both samples were supported by the redox processes involved upon cycling, 

showing the involvement of the Mn3+/Mn4+ redox couple well aligned with the estimated 

contents in Mn3+. Raman and NMR spectroscopies further confirmed the perfect ordering of o-

LNMO from the long-range to the local scale with the support of theoretical calculations. For 

d-LNMO, the 160 cm-1 Raman vibration revealed limited coherent domain size, whereas NMR 

allowed the identification of a series of signals, some being associated with Mn-rich local 
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environments as expected by the over-stoichiometry in Mn. Note that Ni-rich local 

environments were also observed but in a much smaller amount, which is not enough for a 

composition compensation, suggesting that Ni-rich domains without Li exist. 

 

Conclusions 

The performance of the high voltage spinel LiNi0.5Mn1.5O4 (LNMO) in Li-ion batteries strongly 

depends on its synthesis conditions, Ni/Mn stoichiometry, and degree of ordering of Ni and 

Mn. Depending on the extent of this ordering, the spinel structure can be described in the 

conventional space group Fd3�m as the non-substituted LiMn2O4 or, for the highly ordered, in 

the space group P4332. Two LNMO samples were prepared by molten salt syntheses using an 

excess of LiCl: disordered LNMO was obtained after annealing at 750°C under air, whereas the 

ordered LNMO was prepared from the first one with an additional annealing at 700°C under 

oxygen flow. The spinel phase composition was determined using neutron diffraction, showing 

an over-stoichiometry in Mn in good agreement with the content in Mn3+ estimated from the 

electrochemical mechanisms involved upon cycling. We have shown that Raman spectroscopy 

and especially the vibration band at ̴ 160 cm-1 attributed for the first time, allows us to quantify 

roughly the degree of order/disorder in LNMO, whereas NMR spectroscopy allows us to give 

a clear description of the local environments of Li in LNMO. Theoretical calculations 

successfully supported the analysis and attribution of the Raman and NMR spectra/signals. 

These advanced characterizations enabled in-depth insights into the complexity of LNMO in 

stoichiometry, degree of ordering, and purity versus the presence of rock-salt or layered oxides 

as defects or crystalline domains. These findings promise to bring these Mn-rich high-voltage 

spinels, with controlled properties, as positive electrode materials into the next generation of 

Li-ion batteries. 
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