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Abstract XRD-pure Li4Mn5O12 spinels are obtained

below 600 �C from oxalate and acetate precursors. The

morphology consists of nanometric particles (about 25 nm)

with a narrow particle size distribution. HRTEM and

electron paramagnetic resonance (EPR) spectroscopy of

Mn4? are employed for local structure analysis. The

HRTEM images recorded on nano-domains in Li4Mn5O12

reveal its complex structure. HRTEM shows one-dimen-

sional structure images, which are compatible with the

(111) plane of the cubic spinel structure and the (001) plane

of monoclinic Li2MnO3. For Li4Mn5O12 compositions

annealed between 400 and 800 �C, EPR spectroscopy shows

the appearance of two types of Mn4? ions having different

metal environments: (i) Mn4? ions surrounded by Li? and

Mn4? and (ii) Mn4? ions in Mn4?-rich environment. The

composition of the Li?, Mn4?-shell around Mn4? mimics

the local environment of Mn4? in monoclinic Li2MnO3,

while the Mn4?-rich environment is related with that of the

spinel phase. The structure of XRD-pure Li4Mn5O12 com-

prises nano-domains with a Li2MnO3-like and a Li4/3-x

Mn5/3?xO4 composition rather than a single spinel phase

with Li in tetrahedral and Li1/3Mn5/3 in octahedral spinel

sites. The annealing of Li4Mn5O12 at temperature higher

than 600 �C leads to its decomposition into monoclinic

Li2MnO3 and spinel Li4/3-xMn5/3?xO4.

Introduction

Lithium manganese oxides with spinel and layered structure

are one of the most intensively studied during the last

15 years electrode materials for lithium–ion batteries [1, 2].

Layered manganese oxides display higher lithium mobility,

while spinel manganese oxides are structurally more stable

at a lower lithium content [3–5]. The possible intergrowth

between the layered and spinel structures opens a new

direction in the design of electrode materials. Recently,

Thackeray et al. [3] have reported that monoclinic Li2MnO3

can be structurally integrated into Li4/3Mn5/3O4 spinel

forming Li2MnO3�(1 - x)Li4/3Mn5/3O4 composites, which

have a better electrochemical performance as compared to

the single spinel manganese phase [3]. The structural inte-

gration takes place at an atomic level due to the structural

similarity of the oxygen sub-lattices. The Li4/3Mn5/3O4

composition (or Li4Mn5O12) is described as a single phase

with a cubic spinel structure, in which the lithium ions

occupy the tetrahedral 8a and part of the octahedral 16d

spinel sites, while the manganese ions reside in the octahe-

dral 16d sites (space group Fd3m). In the spinel notation, the

structural formula of Li4Mn5O12 is denoted by Li[Li1/3

Mn5/3]O4. The crystal structure of Li2MnO3 (C2/m space

group) consists of alternating (Li2) and (LiMn2) layers in

which the MO6 octahedra share common edges [6–8]. The

structural formula of Li2MnO3 can be described as Li[Li1/3

Mn2/3]O2. In the monoclinic Li[Li1/3Mn2/3]O2 phase the

lithium and the manganese ions are ordered inside the layers,

while they are randomly distributed in the 16d sites of the

Li4/3Mn5/3O4 spinel.

The manganese ions in both monoclinic Li2MnO3 and

spinel Li4Mn5O12 phases adopt the oxidation state of 4?.

Due to the structural instability of the Mn4? ions,

Li4Mn5O12 is usually obtained at temperatures lower than
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600 �C, since above 600 �C it decomposes into a lith-

ium-poor spinel (Li[Li1/3-xMn5/3?x]O4 with 0 \ x\1/3)

and Li2MnO3 [9–14]. The low-temperature synthesis

methods including solution-based and solid state reac-

tions lead usually to the formation of nano-sized

Li4Mn5O12 spinels [12–14]. It is worth to mention that

phase-pure stoichiometric (in respect of the Li-to-Mn

ratio) Li4Mn5O12 is still not prepared [15]. The structure

of Li2MnO3 is also sensitive towards the synthesis tem-

perature [8, 16, 17]. Li2MnO3 with a lower degree of

defects is obtained at 900 �C, while at lower tempera-

tures a disordering of the stacking of Li1/3Mn2/3 layers

along the monoclinic direction becomes more significant

[16, 17].

Taking into account the structural resemblance between

the spinel and the Li2MnO3 structure as well as the low

preparation temperature of the Li4Mn5O12 composition, a

detailed knowledge on the local structure of Mn4? ions is

required which is of importance for the electrochemical

properties on this oxide [5, 18]. EPR spectroscopy is well

suited for studying the local structure of transition metal

ions in layered and spinel phases [19–29]. From an EPR

point of view, the local structure comprises mainly the

first coordination metal sphere [19]. Whereas the EPR

signal for Li2MnO3 corresponds to exchange coupled

Mn4? ions, the collective Mn4? and Mn3? system con-

tributes to the EPR response of Li1?xMn2-xO4 spinels

with 0 B x B 0.1. As a result, the EPR line width

increases from 21 to 220 mT for Li2MnO3 and

Li1?xMn2-xO4, respectively [26, 27]. In the case of

Li4Mn5O12, analysis of the EPR line width in terms of

magnetic dipole–dipole and exchange interactions reveals

the appearance of two kinds of Mn4? in octahedral spinel

sites: one of them has as first neighbours five paramag-

netic Mn4? and one diamagnetic Li?, whereas the second

type of Mn4? is in a Li-rich surrounding [26].

The aim of this contribution is to study by EPR the

local structure of Mn4? in nano-sized Li4Mn5O12 as a

function of the annealing temperature. For the synthesis

of lithium-manganese oxides, we have adopted two

methods: the oxalate and the acetate precursor methods.

The oxalate precursor method has been shown to be

suitable for the preparation of nano-sized lithium man-

ganese spinels [30–32]. The acetate precursor method is

based on the freeze-drying process, which enables the

preparation of homogeneous and well-crystallized lithium

transition metal oxides [23, 33]. Powder XRD, SEM, and

TEM analysis are employed for structural and morpho-

logical characterization of the spinel compositions. The

information on the local structure of Mn4? is extracted

by comparative analysis of the EPR line width with that

of the monoclinic Li2MnO3 which were used as EPR

standards.

Experimental

The oxalate precursors were synthesized by a room tem-

perature solid state reaction based on the procedure used by

Ye et al. [30]. According to this method, lithium hydroxide

and oxalic acid were mixed in a molar ratio of 1:1 and then

ground in agate mortar until the mixture became sticky,

then solid manganese acetate was added. Heating up to

400 �C removed the adsorbed water and acetic acid, fol-

lowed by thermal decomposition of the precursor. The

decomposition products were annealed in the temperature

range of 400–800 �C for 10 h.

The acetate precursor method consists in freeze-drying

of aqueous solutions of lithium and manganese acetates,

followed by thermal decomposition at 400 �C in air. The

concentration of the solution was 0.5 M with respect to the

metal content. The solution was cooled down to room

temperature, then frozen instantly with liquid nitrogen and

dried in vacuum (20–30 mbars) at -20 �C with an Alpha-

Crist Freeze-Dryer. The freeze-dried product was decom-

posed at 400 �C, followed by annealing in the temperature

range of 400–800 �C for 10 h.

The lithium content of the samples was determined by

atomic absorption analysis. The total amount of manganese

was determined complexometrically and by atomic

absorption analysis. The mean oxidation state of manga-

nese in the oxide samples was determined by permanga-

nometric titration.

The X-ray structural analysis was made by Bruker

Advance D8 powder diffractometer with Cu Ka radiation.

The scan range was 15 B 2h B 120 with a step increment

of 0.02�. A Fullprof computer software was used for the

calculations [34]. The diffractometer zero point, the

Lorentzian/Gaussian fraction of the pseudo-Voigt peak

function, scale factor, the unit cell parameters, the oxygen

parameter, the thermal factor for the spinel atomic posi-

tions, the line half-width parameters and the preferred

orientation were determined. The Li and Mn amount in the

16d position was refined taking into account that the total

occupancy is equal to 1.

The EPR spectra were recorded as the first derivative of

the absorption signal of an ERS-220/Q spectrometer within

the temperature range of 90–400 K. The g factors were

determined with respect to a Mn2?/ZnS standard. The

signal intensity was established by double integration of

the experimental EPR spectrum.

The TEM investigations were performed on a TEM

JEOL 2100 instrument at accelerating voltage of 200 kV.

The specimens were prepared by grinding and dispersing

them in ethanol by ultrasonic treatment for 6 min. The

suspensions were dripped on standard holey carbon/Cu

grids. The measurements of lattice-fringe spacing recorded

in HRTEM micrographs were made using digital image
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analysis of reciprocal space parameters [34]. The analysis

was carried out by the Digital Micrograph software.

Results and discussion

Structural and morphological analysis of Li4Mn5O12

Figure 1 shows the XRD patterns of Li4Mn5O12 after heat

treatment between 400 and 800 �C. At 400 �C, a single

spinel phase is formed. The oxidation state of Mn ions is

slightly lower than 4 (Table 1). The XRD pattern is satis-

factory fitted by the Rietveld analysis on the basis of the

model of the spinel structure including Li in both tetrahe-

dral 8a and octahedral 16d sites and Mn in 16d positions

only (Fig. 1, Table 1). This is the structural model that is

used for the interpretation of the spinel structure of

Li4Mn5O12 [9, 10]. The refined amount of Li in 16d is

slightly lower than 1/3 (Table 1), thus confirming the for-

mation of pure spinel phase Li4Mn5O12. The structural

formulae correspond to [Li]8a[Li0.264Mn1.736]16d[O4]32e,

[Li]8a[Li0.260Mn1.740]16d[O4]32e and [Li]8a[Li0.252Mn1.748]16d

[O4]32e for samples annealed at 400, 600 and 800 �C,

respectively.

The spinel phase is preserved after further heating up to

600 �C (Fig. 1). In this temperature range, the unit cell

parameter displays a tendency to increase (Fig. 2). Above

600 �C, additional reflections due to impurity Li2MnO3

phase become visible in the XRD patterns of Li4Mn5O12

(Fig. 1). This is concomitant with a strong increase in the

unit cell parameter of Li4Mn5O12 (Fig. 2). The same ten-

dency in the temperature induced changes of the unit cell

parameter has been established for Li4Mn5O12 and has

been explained with the structural instability of the Mn4?

ions at higher temperatures [10]. The reduction of Mn4? to

Mn3? ions causes an extraction of Li from the 16d spinel

sites together with the release of Li2MnO3 [10].

To understand whether Li4Mn5O12 is a single phase

or a composite, SEM and TEM analysis are undertaken. At

400 �C, dense aggregates are formed (Fig. 3). Inside the

aggregates, well-crystallized thin hexagonal particles

become visible (Fig. 4). The polycrystalline electron dif-

fraction reveals the formation of spinel phase with lattice

parameter close to that determined by XRD: 8.149 versus

8.1548 Å. The particle dimensions fall into the nanometric

scale and display a close size distribution: more then

70% of the particles are between 15 and 30 nm (Fig. 4).

The crystallite size estimated from the broadening of the

(111) peak is around 28 nm. The close values of the par-

ticle dimensions and the XRD crystallite sizes confirm

the formation at 400 �C of nano-sized well-crystallized

Li4Mn5O12.

The HRTEM images of Li4Mn5O12 are shown in Fig. 5.

The lattice-fringes images recorded on nano-domains in

Li4Mn5O12 reveal its complex structure. The two-dimen-

sional HRTEM image corresponding to the (111) spinel

plane is well resolved. The one-dimensional HRTEM

images consist of lattice fringes corresponding to a d-value

of about 4.7 Å. This value is equivalent to the interplanar

spacing of the (111) plane in the cubic spinel structure

(4.71 Å). However, the d-value of the (001) plane of

monoclinic Li2MnO3 is also similar (4.74 Å). This means

that the presence of nano-domains of monoclinic Li2MnO3

cannot be excluded. Therefore, from HRTEM images we

Fig. 1 XRD patterns of

Li4Mn5O12 annealed at 400

(a) and 800 �C (b). The asterisk
denotes the most intensive

diffraction peaks due to

monoclinic Li2MnO3 phase.

Bragg reflections for spinel

oxides and monoclinic Li2MnO3

are indicated
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cannot unambiguously conclude if Li4Mn5O12 is a single

spinel phase or presents nano-domains with a Li2MnO3-

like and a Li4/3-xMn5/3?xO4 spinel composition forming

a composite structure. Similar HRTEM images were

observed by Thackeray et al. on lithium–manganese oxide

electrodes with the composition 0.7Li2MnO3�3Li4Mn5O12

and they have regarded the sample as a composite product

containing nano-domains of structurally integrated layered

and spinel phases [3]. In addition, some nano-domain

regions in the HRTEM image in Fig. 5 show that the (111)

plane is warped like to ‘artificial’ moiré fringes [35]. By

increasing the annealing temperature, particle growth takes

place, as a result of which hexagonal particles with

dimensions between 150 and 350 nm are formed (Fig. 6).

Selected area electron diffraction (SAED) reveals the

presence of a spinel phase at 800 �C (Fig. 7).

EPR spectroscopy of Li4Mn5O12

EPR of Mn4? is used as an experimental tool for moni-

toring the local structure of Mn4? in Li4Mn5O12 compo-

sitions annealed between 400 and 800 �C (Fig. 8). The

EPR spectra of all samples consist of two overlapping

Lorentzian lines having different g-values and line widths.

The broad signal with a g-factor of 2.02 dominates the EPR

profiles of the spinels obtained at 400 �C, while the narrow

signal with a g-factor of 1.99 is well resolved in the

spectrum of Li4Mn5O12 obtained at 800 �C. Between 400

and 800 �C, there is a progressive change in the intensity

ratios of the two signals. In the temperature range of

Table 1 Oxidation state of manganese ions (OS) and structural parameters of Li4Mn5O12 annealed at 400, 600 and 800 �C (Tann)

Tann (�C) OS (±0.03) a (Å) (±0.0003) z, oxygen parameter Li in [16d] B8a, Å2 B16d, Å2 B32e, Å2 RB Rf Fraction (%)

400 3.98 8.1548 0.2628 (2) 0.132 (4) 0.65 0.54 0.92 3.54 2.64 –

600 3.99 8.1643 0.2629 (1) 0.130 (4) 0.65 0.47 1.37 3.15 1.94 –

800 3.92 8.1771 0.2632 (2) 0.126 (4) 0.59 0.50 1.26 3.48 2.62 2.08 (1)

The fraction of Li2MnO3 is also included

Fig. 2 Unit cell parameter versus the annealing temperature of

annealing

Fig. 3 SEM images of Li4Mn5O12 annealed at 400 �C

Fig. 4 Bright field micrograph of Li4Mn5O12 obtained at 400 �C and polycrystalline electron diffraction corresponding to the spinel phase

(a = 8.149 Å)
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100–410 K, the g-factor of the narrow signal remains

constant, while the g-factor of the broad signal tends to

increase on cooling: from 2.024(3) to 2.032(3) when going

from 413 to 103 K. Figure 9 compares the temperature

dependence of the EPR line widths of the narrow and the

broad signals. Both signals are characterized with line

widths that depend on the recording temperature in a dif-

ferent way: the line width of the narrow signal increases

with decreasing of the recording temperature, while the

line width of the broad signal decreases (Fig. 9). Further-

more, the values of the line widths are sensitive towards

the annealing temperature of the oxides. The line width of

the narrow signal (Signal 1) decreases with increasing the

annealing temperature, at difference with the line width of

the broad signal (Signal 2) which increases (Fig. 10).

The same two EPR signals have already been detected

in Li4Mn5O12 obtained by solid state reaction at 400 �C

[26]. These signals have been attributed to Mn4? ions,
Fig. 5 HRTEM images of Li4Mn5O12 obtained at 400 �C. The insets
are Fourier filtered HRTEM images

Fig. 6 Bright field micrograph

of Li4Mn5O12 obtained at

800 �C

Fig. 7 Bright field micrograph

of Li4Mn5O12 obtained at

800 �C. Selected area electron

diffraction (SAED) of the

particle along [110] orientation

in the spinel structure
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which can be differentiated on the basis of their metal

environment: the narrow signal comes from Mn4? ions

located in a mixed Li?/Mn4? environment, while the broad

signal is due to Mn4? ions in a Mn4?-rich environment

[26]. The new finding is the dependence of the EPR line

widths on the annealing temperature (Fig. 10). This means

that the composition of the coordination sphere of Mn4?

ions in Li4Mn5O12 is changed during the annealing.

To understand the local structure of Mn4? ions in

Li4Mn5O12, the EPR spectrum of Li2MnO3 is also taken

into account. As was recently demonstrated [26, 36],

the EPR spectrum of Li2MnO3 displays only one narrow

Lorentzian line with g-factor of 1.99. This signal is due to

Mn4? ions located in the environment of paramagnetic

Mn4? and diamagnetic Li? ions. In the (Li1/3Mn2/3) layers,

the manganese ions are coupled by antiferromagnetic

interactions (via oxygen), as a result of which the signal is

broadened on cooling. This is what we observe for

Li2MnO3 annealed between 500 and 800 �C (Fig. 9). As in

the case of Li4Mn5O12, the EPR line width of Mn4?

depends on the annealing temperature (Fig. 10): the line

width decreases with increasing the annealing temperature.

The observed changes in the line width can be related with

the defect structure of Li2MnO3. Recently, it has been

shown that the higher annealing temperature favours the

formation of Li2MnO3 with a lower degree of disordering

of the Li1/3Mn2/3 layers along the c monoclinic direction

[26, 36]. Therefore, one can suggest that the more Li2MnO3

is defective, the more broadened is the EPR signal.

Comparison of the EPR spectra of Li2MnO3 and

Li4Mn5O12 confirms once again that the narrow signal

originates from Mn4? ions having Mn4? and Li? ions as

neighbours. It is noticeable that for spinels annealed

between 400 and 600 �C the line width of the narrow signal

is higher in comparison with that of the signal of Mn4? in

Li2MnO3 (Fig. 10). This means that the Mn4? ions are

surrounded by Li? and Mn4? ions in a ratio that mimics the

composition of the local environment for Mn4? in

Li2MnO3. When the spinels are annealed at a temperature

Fig. 8 EPR spectra at 413 K of Li4Mn5O12 annealed at 400, 500,

600, 700 and 800 �C. The experimental EPR spectrum (thick/black
lines) is deconvoluted into two signals having the Lorentzian line

shapes (thin/red lines, signal 1 and thin/blue lines, signal 2) (Color

figure online)

Fig. 9 Temperature evolution of the EPR line width of narrow and

broad signals (signals 1 and 2) of Li4Mn5O12 annealed at 400, 500,

600, 700 and 800 �C. For the sake of comparison, the temperature

evolution of the EPR line width of Li2MnO3 annealed at 500, 600,

700 and 800 �C is also shown

J Mater Sci (2011) 46:7098–7105 7103

123



higher than 600 �C, the narrow signal of Li4Mn5O12 and

the signal of Mn4? in Li2MnO3 display one and same line

width (Fig. 10). This indicates that the composition of the

local environment for Mn4? ions in both Li4Mn5O12 and

Li2MnO3 oxides is identical. This can be explained in

terms of the release of a separate phase Li2MnO3 when the

spinels are annealed above 600 �C. For the same samples, a

monoclinic Li2MnO3 phase is also detected by XRD

(Fig. 1).

The second signal undergoes a significant broadening

when the spinels are annealed at higher temperatures. This

reveals compositional changes in the coordination sphere

of the Mn4? ions in the Mn4?-rich environment. By

increasing the annealing temperature, it appears that more

and more Mn4? ions are including into the coordination

sphere of Mn4? ions leading to the increase in the EPR line

width (Fig. 10). In addition, the oxidation state of man-

ganese ions for all Li4Mn5O12 samples is slightly lower

than 4 (Table 1). This means that a possible contribution of

non-identical Mn3? ions into the EPR line width of the

broader signal due to Mn4? ions cannot be rejected. For

lithium manganese spinels, it has been shown that the

density of the identical and the non-identical paramagnetic

ions leads to an increase of the EPR line width in the case

when antiferro- or ferromagnetic interactions are dominant

[20]. On the contrary, when the strengths of antiferro- and

ferromagnetic interactions are close, the EPR line width

becomes broader and appears insensitive to the density of

the paramagnetic species [20]. Based on magnetic sus-

ceptibility measurements, it has been shown that superex-

change ferromagnetic interactions dominate for spinels

where the Mn–Mn distance is higher than 2.86 [37], while

an antiferromagnetic character is reported for spinels with a

Mn–Mn distance lower than 2.85 Å [37, 38]. For

Li4Mn5O12 compositions, the distance between the man-

ganese ions varies between 2.88 and 2.89 Å (a
ffiffiffi

2
p

=4;

Table 1), which is near to the crossover between the fer-

romagnetic and antiferromagnetic transition. This makes

difficulties to quantify the effect of Mn4? and Mn3? on the

EPR line width of the Mn4? ions in Li4Mn5O12. However,

the significant difference in the line widths of the two EPR

signals of Li4Mn5O12 (more than five times, Fig. 10)

indicate clearly that the Mn4? ions are in different metal

environments.

Therefore, one can conclude that below 600 �C the

structure of Li4Mn5O12, being a XRD-pure phase, con-

sists of nano-domains with a Li2MnO3-like and Li4/3-x

Mn5/3?xO4 composition. Above 600 �C, this complex

domain structure is decomposed with the release of a

separate distinct Li2MnO3 phase. The appearance of an

impurity Li2MnO3 phase has also been detected by muon-

spin rotation/relaxation measurement [15]. To rationalize

whether the nano-domain structure of Li4Mn5O12 is

dependent on the synthesis method, Fig. 10 compares the

EPR line widths of the two signals of Li4Mn5O12 obtained

by the oxalate and acetate precursor methods. While the

EPR line widths of the two samples are different, the

dependence of the EPR line width on the annealing tem-

perature remains the same. This reveals that the nano-

domain structure of Li4Mn5O12 is sensitive towards the

history of the method of synthesis including the type of

precursor used and the annealing temperature.

Conclusions

XRD-pure Li4Mn5O12 spinel is prepared below 600 �C by

the oxalate and acetate precursor methods. At 400 �C, the

oxalate precursor method yields a Li4Mn5O12 spinel with

particle dimensions varying between 15 and 30 nm.

HRTEM and EPR spectroscopy reveal that the structure of

the nano-sized Li4Mn5O12 spinel consists of nano-domains

with a Li2MnO3-like and Li4/3-xMn5/3?xO4 compositions

rather than a single spinel phase with Li in tetrahedral sites

and Li1/3Mn5/3 in octahedral sites. The annealing of

Li4Mn5O12 at temperature higher than 600 �C leads to its

Fig. 10 EPR line width of narrow and broad signals (signals 1 and 2)

of Li4Mn5O12 obtained by oxalate (a) and acetate (b) precursor

methods as a function of the annealing temperature. For the sake of

comparison, the EPR line width of Li2MnO3 is also given
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decomposition into monoclinic Li2MnO3 and spinel

Li4/3-xMn5/3?xO4. These results demonstrate the ability of

the EPR spectroscopy to monitor the nano-domain struc-

ture of Li4Mn5O12 as a function of annealing temperature

and the type of the precursor used.
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