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Lithium manganese oxide, LiMn2O4, has been studied by many research groups. This material is a great
candidate to be used as positive electrode in rechargeable lithium-ion batteries because of its low cost,
abundant precursors and non-toxicity. LiMn2O4 has a spinel Fd-3m structure and shows a reversible
extraction and insertion of lithium ions that is one of the most important characteristic of positive elec-
trodes in rechargeable batteries.

In this work, LiMn2O4 samples were synthesized by solid state reaction. A partial lithium removal was
performed on this system by chemical delithiation using HCl aqueous solutions at different concentra-
tions. Six partial-extracted compounds were obtained and characterized by Ion beam analysis (IBA) in
order to obtain the Li concentrations. X-ray diffraction (XRD) and Rietveld analyses were also performed.
A rigorous study of lithium contents is critical to analyze the structure properties of these compounds
and samples production parameters. The IBA method used in this work was the analysis of energy spectra
of elastic backscattered (EBS) proton from Mn, O and Li nuclei and the a-particles energy from the
7Li(p,a)4He nuclear reaction (NR).

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Many actual environmental problems are consequence of the
use of non-renewable and fossil-based energy sources. To sustain
growing industrial and societal energy demands in an environmen-
tally friendly way, will require the use of clean energy sources such
as solar, wind, nuclear, electric batteries, etc. Lithium-ion battery
technology offers storage and energy conversion devices with high
energy density, power and long life suitable for several new appli-
cations like hybrid and electric vehicles [1]. In addition, the lithium-
ion battery has become the basis of a huge market for portable de-
vices because it offers smaller sizes and longer runtime than other
rechargeable technologies as lead acid and nickel-metal hydride
[2]. One of the reasons to use lithium ion is its lightness and its high
electropositive potential [2]. It is also a strategic material that can
be used in other energy applications such as nuclear fusion. Lithium
is widely distributed on Earth; the biggest deposits have been found
in Bolivia, Argentina, and more recently, in Mexico.

Basically, a Li-ion cell consists of a positive and negative elec-
trode and an electrolyte between them, which must be ionic con-
ductor and electronic insulator. Once positive and negative
All rights reserved.

de).
electrodes are linked by external connector a spontaneous electro-
chemical reaction take place, in which chemical energy is trans-
formed into electrical energy [3]. A reverse reaction can proceed
under an applied electric current. These reactions are known as
discharge and charge processes and involve a diffusion of lith-
ium-ion to the positive electrode: insertion and extractions,
respectively. Some characteristics of the batteries, as rate perfor-
mance, are usually limited by positive electrode and several re-
searches are in progress to develop major capacitive materials [4].

Current lithium-ion positive electrode material mostly consists
of LiCoO2 that has high cost and toxicity. One attractive material to
be used as positive electrode is the LiMn2O4 spinel, with an Fd-3m
space group, that has lower cost and toxicity compared to LiCoO2.
To obtain LiMn2O4 spinel with excellent electrochemical character-
istics, several techniques, such as sol–gel, melt-impregnation and
solid-state process [5–7] have been developed. Although these
methods improve the electrochemical properties of spinel, to some
extent, there are still some problems, such a phase transition near
to the room temperature and difficult operation or scale-up. The
consequence of the phase transition is a fading in the capacity,
due to the presence of an undesirable impure phase, and produces
a decrease in delivered energy. Therefore, much research is direc-
ted towards synthesizing lithium–manganese spinel oxides with
characteristics that can overcome these problems. One way to
overcome them is the lithium extraction of the LiMn2O4. This
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extraction can be performed by two methods: electrochemical and
chemical. The last one consists in an acid treatment, usually hydro-
chloric or sulfuric acid. This kind of extraction maintains the
Mn2O4 framework structure [8] and diminishes that capacitive-
loss effect [9].

In this work we investigated LiMn2O4 samples with chemical
lithium extraction performed using different hydrochloric acid
concentrations to study the changes in the crystal structure. This
process is known as chemical delithiation [10]. The determination
of lithium concentrations is crucial to evaluate the sample
preparation method and to analyze change in the crystal structure
properties of these compounds.

It is known that conventional material analysis methods such as
laser induced breakdown spectroscopy, atomic, absorption, etc.,
have poor sensitivity to measure the Li concentration in solid,
because of its low atomic number.

Direct, nondestructive and absolute measurements of Li
concentration in solids can be carried out by different ion beam
analysis (IBA) methods. High energy accelerators using heavy ions
can be used to measure the energy recoil of the lithium nuclei. This
IBA technique is known as energy recoil detection analysis (ERDA)
and it is perhaps the best suited IBA method for this study [11].
Low energy particle accelerators (E 6 10 MeV) have been used for
the quantification of Li [12] through the induced gamma-ray emis-
sion (PIGE) through the 7Li(p,c)8Be⁄ nuclear reaction analysis (NR).

In this work, a low energy proton beam has been used to mea-
sure the atomic concentration profiles of the Mn, O and Li in the
samples. The method consists on measuring, in the same energy
spectrum, the elastic backscattered (EBS) protons from Mn, O
and Li and the a-particles energies from the 7Li(p,a)4He nuclear
reaction (NR).
Fig. 1. Experimental spectrum of sample B bombarded with a 1800 keV proton
beam. The elastic energies of the backscattered (EBS) protons from Mn, O and the
high energies a’s particles from the 7Li(p,a)4He nuclear reaction(NR) are shown
separately. The solid line represents the SIMNRA simulation of the spectrum.
2. Experimental procedure

2.1. Sample preparation

LiMn2O4 was prepared by solid state reaction, where a mechan-
ical mixture of Li2CO3 (99%, Aldrich) and MnCO3 (99.9%, Aldrich)
was annealed at 850 �C for 18 h in air. To obtain partial extracted
samples, an acid treatment was carried out by stirring 0.72 g of
LiMn2O4 powder with 100 ml of HCl solution for 18 h; all reactions
were followed by conductimetry. Six starting acid concentrations:
2, 4, 7, 9, 12 and 15 mM were used. Finally the samples were
washed with deionized water and vacuum dried.

2.2. Ion beam analysis

The Universidad Nacional Autónoma de México Van de Graaff
5.5 MV CN HVECO accelerator was used for the ion beam analysis
of the samples. Pellets (8 mm in diameter and 2 mm thick) pre-
pared by compression of the fine powder were bombarded with
a proton beam. A surface barrier detector (30 keV FWHM energy
resolution) was set at 150� to measure the particle’s energy spec-
tra. We did not used an absorbing film in front of the detector, in
order to register in the same energy spectrum the elastic backscat-
tered (EBS) protons from the Li, O and Mn nuclei and the a particles
from the 7Li(p,a)4He nuclear reaction (NR).

2.3. XRD analysis

The crystal structure of all samples was obtained by conven-
tional XRD power diffraction analysis using a Brucker D8 Advance
diffractometer with Cu Ka (k = 0.154 nm) radiation and with a
Vantec detector. XRD data were analyzed using the Rietveld refine-
ment with Fulproof program [13].
3. Results and discussion

Fig. 1 shows a typical experimental (dots) spectrum of sample B
(see Table 1), bombarded with 1800 keV proton beam. The spec-
trum has been divided in two parts: (a) a low energy region, that
corresponds to the energies of the elastically backscattered (EBS)
protons form the Mn, O and Li nuclei, and (b) a high energy region
(NR), that corresponds to the energies of the a particles from
7Li(p,a)4He. The EBS and NR regions in the spectrum are well sep-
arated, since the 7Li(p,a)4He NR has a large positive Q-value
(14.470 MeV). Kinematic calculations show that a particle from
the sample’s surface has energy of 7740 keV, compared to
1580 keV for EBS protons from the Mn nuclei.

The solid line in the spectrum represents the SIMNRA [14] sim-
ulation of the spectrum. In the simulation we used the 7Li(p,a)4He
NR cross section, non-Rutherford elastic cross sections for O and Li,
and Rutherford cross section for Mn. The non-Rutherford cross sec-
tions were obtained from the Ion beam analysis nuclear data
(IBANDL). SRIM version 2008.03 stopping powers were used to
estimate the sample depth probed as 12.4 lm by our proton beam.
We used a uniform concentration with depth of all the constituent
elements for the SIMNRA [14] simulation for all the samples. The a
counting yield is low because 7Li(p,a)4Ye NR has a small cross sec-
tions compared to the EBS cross sections from Mn and O. However,
the a spectrum is background free because there are no other NR
particles interfering with the a spectrum. Although the Li concen-
tration is constant with depth, the a particle yield decreases as
the proton lose energy in the sample, following the shape of the
7Li(p,a)4He cross section energy function of the proton energy
function.

It may be observed in the SIMNRA simulation of the spectrum
that Li EBS counting yield contribution to the spectrum is negligi-
ble and masked by the larger number of events from proton scat-
tering off heavier elements deeper in the sample. This is due to
the small proton Li cross sections, compared to the other nuclei
in the sample. If the SIMNRA simulation is only performed on the
EBS region of the spectrum it will give ambiguous Li concentra-
tions. Lithium contribution to the EBS proton spectrum is so small
that an acceptable simulation of the EBS spectrum can be obtained
without Li. This ambiguity is eliminated by the simultaneous SIM-
NRA simulation of the EBS and the 7Li(p,a)4He NR regions.

Table 1 summarizes the results of the IBA of the samples. The
unit cell parameters deduced from the XRD pattern analysis are



Table 1
Summary of the IBA results of LiMn2O4 partial lithium removed samples. The
concentration of HCl used in the chemical delithiation of each sample is given in
column 2. The unit cell lattice parameter deduced from the XRD patterns by Rietveld
method are also shown in the last column. The error in the elemental concentrations
is estimated to be 10%.

Sample HCl Conc. (mM) %Li %O O/Mn Cell parameter (Å)

A 0 14 60 2.2 8.2295(2)
B 2 13 56 2.1 8.1998(2)
C 4 12 60 2.2 8.1603(2)
D 7 5.0 65 2.2 8.0639(3)
E 9 3.9 61 1.8 8.0554(2)
F 12 4.0 62 2.0 8.0530(1)
G 15 3.6 64 2.0 8.0546(2)

Fig. 2. Lithium percentage content and cell parameter of A–G samples as a function
of acid-treatment concentration.

Fig. 3. XRD diffraction patterns of LiMn2O4 partial lithium removed samples
performed by chemical delithiation using HCl aqueous solutions at different
concentrations. The inset figure shows a close view of the area of (3 1 1) and (2 2 2)
peaks.
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shown in the last column. It may observe a decrease in the lithium
concentration as the hydrochloric acid concentration increases,
while the ratio O/Mn � 2 is maintained for all the samples. These
results are also shown graphically in Fig. 2. This tendency is asso-
ciated with the Li-ion extraction of the housing Mn–O framework
structure, confirmed by XRD results as discussed latter.
Fig. 3 shows XRD diffraction patterns of LiMn2O4 (starting sam-
ple A) and six acid-treated samples (B–G). Sample A shows a pure
crystal phase identified with spinel LiMn2O4 structure, indexed in
cubic Fd-3m space group. The fact that main diffraction peaks such
as (1 1 1), (3 1 1) and (4 0 0) were well developed means that lith-
ium ions occupied tetrahedral 8a sites and manganese also occu-
pied octahedral 16d sites [13]. Lattice parameter obtained by
Rietveld analysis was 8.2295 Å. This value is lower than the re-
ported JCPDS value of 8.2480 Å indicating that the sample does
not have stoichiometric spinel LiMn2O4. An explanation for this
discrepancy is that the lattice parameter depends on several condi-
tions, such as annealing time, precursors, and manganese oxidation
state and lithium contents [6]. Smaller values of the lattice param-
eter can be due by a decrease of Mn3+/Mn4+ ratio by way of keeping
more Mn4+ than Mn3+.

The XRD patterns of samples B–G are in good agreement with
the LiMn2O4 reported pattern, i.e., number of peaks, and their rel-
ative intensities were almost the same as starting sample. The fact
that starting sample and acid-treated samples have similar XRD
patterns means that LiMn2O4 framework was preserved after Li+

ions extraction. Since X-rays are diffracted by electrons on each
atom, this technique hardly detects atoms with small atomic num-
ber such Li. For that reason lithium ion does not have a significant
contribution to the XRD diffraction pattern. Therefore, the Mn and
O atoms make the most important contributions to the XRD
patterns.

The inset in the same Fig. 3 shows a close view of the area of
(3 1 1) and (2 2 2) peaks. The XRD patterns show that the Li extrac-
tion produces a slight displacement of the peaks to larger angles.
This behavior was caused by the contraction of the unit cell which
is the direct consequence of Li-ions extraction and Mn3+oxidation,
both phenomena occurring with chemical delithiation [13].
4. Conclusions

An IBA method was used to measure simultaneously the Li, O
and Mn content on six Li(1 � x)Mn2O4 samples treated with differ-
ent hydrochloric acid concentrations. These results show, as ex-
pected, that the Li contents on the samples decrease as the
hydrochloric acid concentration increases. IBA provides very useful
information about sample preparation, i.e., the chemical acid HCl
concentrations needed to obtain the Li removal required (see
Fig. 2).

The Rietveld refinement analysis of the XRD spectra shows a
small decrease in the cell parameter as acid treatment concentra-
tion increases, that is also an evidence of Li extraction. These re-
sults are consistent with the IBA results.

Electrochemical properties of the partial Li extracted samples
are in progress to evaluate the potential use of the Li(1 � x)Mn2O4

as a positive electrode in rechargeable lithium ion batteries.
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