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a b s t r a c t

Samples of LiCo0.8Mn0.2O2 were synthesized by a wet-chemical method using citric acid as a chelating
agent, and were characterized by various physical techniques. Powders adopted the �-NaFeO2 layered
structure and were analyzed by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
and regarding their magnetic properties. Transmission Electron Microscope (TEM) revealed particles
with a mean size of 100 nm. Partial chemical delithiation was carried out by using an oxidizing agent.
We observe that the material has ability to free lithium ions from its structure by this chemical process,
which is analogous to the first step of the charge transfer process in an electrochemical cell. The rate
of delithiation is determined independently by magnetic measurements and by the Rietveld refinement
of the XRD spectra. Both the concentration of Mn3+–Mn4+ pairs and that of Mn4+–Mn4+ pairs formed in
the delithiation process have been determined, together with that of the Mn3+–Mn3+ pairs. It shows that

3+ 4+
magnetic measurements are able to probe the distribution of Mn and Mn with more details than other
techniques. The results are consistent with FTIR spectra, and indicate a random distribution of the Li ions
that are removed from the matrix upon delithiation, which then undergo a diffusion process. Testing the
material as cathode in lithium batteries revealed about 170 mAh g−1 capacity, with a lower polarization
and a high columbic efficiency, emphasizing the possibility of using this material as a cathode in Li-ion
batteries.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Many compounds involving only one single transition metal
lement have been extensively studied as active cathode materi-
ls since a long time [1–7]. However, mixing metal ions is needed
o optimize the stability and the electrochemical performance of
he cathodes. LiCo1−xMxO2 (M = Ni or Mn) [8–11] or mixtures of
oth [12–21] have been studied. They retain high capacity but
lso improve the cycling performance and thermal stability, while
educing the cost due to less content of the expensive Co.

LiCo1−yMnyO2 (0 < y ≤ 1) samples have been prepared by Stoy-
nova et al. [19] by a solid-state reaction between LiOH and Mn–Co
xide spinels at 800 ◦C. These solid solutions have trigonal lattice
or y < 0.2, are cubic in the range 0.2 < y < 0.7, and crystallize in
he tetragonal spinel structure in the compositional range x > 0.7.
he best electrochemical properties, however, are obtained for

< 0.7. More recently, a sol–gel process was also used to prepare
iCo1−yMnyO2 for y = 0.2 [22].

∗ Corresponding author. Tel.: +33 144274439; fax: +33 144273882.
E-mail address: alain.mauger@impmc.jussieu.fr (H.A.M. Abuzeid).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.03.054
In the present work we report the synthesis, physico-chemical
characterization and electrochemical features of LiCo0.8Mn0.2O2
for its potential use as a new generation cathode material for
lithium-ion batteries. The synthesized LiCo0.8Mn0.2O2 material
and its delithiated phase obtained by chemical delithiation were
characterized by conventional techniques, such as X-ray powder
diffraction (XRD), and transmission electron microscope (TEM)
images. Fourier transform infrared (FTIR) spectroscopy was used to
probe the material at the mesoscopic scale. To examine the material
at the atomic scale, however, we investigated the magnetic proper-
ties. Indeed, the difference between the spins carried by the Mn3+

and the Mn4+ ions generated by the delithiation process results in a
dramatic dependence of the magnetic response of LixCo0.8Mn0.2O2
on the rate x of delithiation. We took advantage of this effect to
determine from the analysis of the magnetic properties, not only
the concentration of Mn4+ ions, which is in quantitative agreement
with the result of the Rietveld refinement of the XRD spectra, but
also the pairing of Mn4+ ions with nearest Mn4+ and Mn3+ neigh-
bors, an information on the distribution of the manganese ions that

cannot be reached by other techniques. As a result, we found that
the chemical process used for the delithiation allows only the man-
ganese to oxide, thus limiting the value of x that can be reached. The
electrochemical features of the oxide have been studied by coupling

dx.doi.org/10.1016/j.jpowsour.2011.03.054
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:alain.mauger@impmc.jussieu.fr
dx.doi.org/10.1016/j.jpowsour.2011.03.054
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structure.
Table 1 gives XRD results obtained from LiCo0.8Mn0.2O2 powders

calcined at different temperatures. The hexagonal cell parame-

Table 1
XRD results obtained from LiCo0.8Mn0.2O2 powders synthesized by wet chemistry
assisted citric acid and calcined at 400, 600 and 800 ◦C. T is the calcinations temper-
ature, a and c the lattice parameters of the hexagonal structure, V is the volume of
the unit cell, and L is the size of the crystallites deduced from the Scherrer’s law.
H.A.M. Abuzeid et al. / Journal of

t with Li anode in a non-aqueous electrolyte, and the electrochemi-
al performance is discussed in relation to the results of the analysis
f the FTIR results and these magnetic properties.

. Experimental

.1. Sample preparation

LiCo0.8Mn0.2O2 powders were synthesized using a sol–gel tech-
ique described elsewhere [22]. This method involves the mixing
f acetates of Li, Mn and Co, with citric acid (Fluka, MicroSelect
rade) as complexing agent, mixed and dissolved in triple dis-
illed water. By reacting appropriate molar ratios of hydrated metal
cetates, i.e. Li(CH3COO)·H2O (Fluka), Co(CH3COO)2·4H2O (Fluka),
n(CH3COO)2·4H2O (Fluka), a gel was formed. The carboxylic acid

roups could provide chemical bonds with metal ions to form a vis-
ous resin on evaporation of the solvent, which is usually called a
recursor. The resultant solution was then evaporated off at 80 ◦C
ith magnetic stirring for about 6 h until a sol was formed. The

esulting xerogel was transparent violet in color. Finally, the prod-
cts referred as precursor powders were formed by heating the
el at 120 ◦C. It is a fluffy dark brownish powder. The decomposed
owders were slightly ground and further heated to 400 ◦C in air
o convert the metal carboxylates to oxides. The resulting products
ere sintered at 800 ◦C in air for 24 h. We have determined that

his temperature is needed to form a single-phase LiCo0.8Mn0.2O2,
ith complete hexagonal ordering. The products obtained were
ne-grained materials of submicron-sized particles.

.2. Apparatus

The crystal structure of the prepared samples was analyzed by
-ray diffractometry (XRD) using Philips X’Pert apparatus equipped
ith a Cu K� X-ray source (� = 1.5406 Å). XRD measurements were

ollected in the 2� range 10–80◦. FTIR spectra were recorded
ith Bruker IFS 113 vacuum interferometer. In the far-infrared

egion (400–100 cm−1), the vacuum bench apparatus was equipped
ith a 3.5-�m-thick Mylar beam splitter, a globar source, and a
TGS/PE far-infrared detector. JEOL, Transmission Electron Micro-

cope (TEM), JEM-1230 was used to investigate the powders.
agnetic measurements (susceptibility and magnetization) were

arried out with a fully automated magnetometer (MPMS-5S from
uantum Design) using an ultra-sensitive Superconducting QUan-

um Interference Device (SQUID) in the temperature range 4–300 K.
small piece of each glassy material was put into a small plastic

ial, placed in a holder and finally inserted into the helium Dewar
f the SQUID apparatus. The temperature dependence of the sus-
eptibility data was recorded during heating of the sample using
wo modes: zero-field cooling (ZFC) and field cooling (FC), to deter-

ine the magnetic behavior. The procedure is based on performing
wo consecutive magnetization measurements: in the ZFC process,
he sample is first cooled down in the absence of magnetic field,
hen the field is applied at 4.2 K, and the data of the magnetization

are recorded on increasing the temperature; in the FC process,
he magnetic field is applied at room temperature, and the data
re recorded upon decreasing the temperature. The magnetic field
pplied in such experiments was 10 kOe. On the other hand, mag-
etization curves M(H) have been measured in the whole range
≤ 30 kOe. Magnetic data analyses were performed in CGS unit

ystem.

.3. De-intercalation and electrochemistry
Partial removal of lithium ions from the layered framework has
een carried out by using potassium peroxydisulfate (K2S2O8) in
n aqueous solution. The mixture of LiCo0.8Mn0.2O2:K2S2O8 was
Fig. 1. X-ray diffraction patterns of LiCo0.8Mn0.2O2 powders synthesized by wet
chemistry method assisted by citric acid (calcinations temperature 800 ◦C).

dissolved in water and stirred at room temperature for 24 h. The
powders were washed, filtered and dried at 200 ◦C.

The electrochemical properties of the product were tested at
25 ◦C in cells with metallic lithium as the negative electrode using
Teflon laboratory-cell hardware and Mac-Pile system. The non-
aqueous electrolyte was 1.0 mol L−1 LiClO4 dissolved in propylene
carbonate (PC). The active electrode material was deposited onto
Al foil at the loading 8.8 mg cm−2. Charge and discharge processes
were carried out at rates of C/12 and C/6, respectively, in the volt-
age range 3.0–4.4 V vs. Li0/Li+ (we use the usual convention, after
which ‘C/n’ means ‘in n hours’). Ragone plot has been explored up
to 10 C.

3. Results and discussion

3.1. Structure and morphology

LiCoO2 has the trigonal crystal structure based on alternative
ordering of Li and Co in the octahedral sites of the oxygen close
packing. When Mn is substituted for Co in LiCoO2 in an amount
0.2, the trigonal lattice is preserved. For manganese substitu-
tive, the structure is almost ideal, i.e., the layered �-NaFeO2-type
structure (R3m space group). Fig. 1 shows the XRD patterns of
LiCo0.8Mn0.2O2, dominated by the main characteristic peaks (0 0 3),
(1 0 1) and (1 0 4) planes at 2� ≈ 19, 37 and 45◦. The diffraction pat-
terns show a clear splitting of the hexagonal characteristic doublets
(0 0 6)/(1 0 2) and (1 0 8)/(1 1 0). In conclusion the XRD pattern of the
sample calcined at 800 ◦C for 24 h shows the formation of single-
phased LiCo0.8Mn0.2O2 chemically and structurally homogeneous,
and all the peaks can be indexed according to the layered �-NaFeO2
T (◦C) a (Å) c (Å) c/a V (Å3) I003/I104 L (nm)

400 2.820(5) 14.06(5) 4.986 96.82 1.23 9.7
600 2.819(3) 14.06(3) 4.989 96.79 1.10 11.04
800 2.830(3) 14.12(3) 4.992 97.86 1.54 47.5
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Fig. 2. X-ray diffraction patterns for pristine (x = 1) and chemically delithiated
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con powder, � is the diffraction angle and K is a near-unity constant
x = 0.9) LixCo0.8Mn0.2O2 synthesized by wet chemistry method assisted by citric
cid and its lithiated form.

ers of the synthesized LiCo0.8Mn0.2O2 at 800 ◦C are found to be
= 2.83(3) Å, c = 14.12(3) Å and c/a = 4.992, respectively. The substi-

ution of Mn for Co expands the unit cell, which matches well with
he ionic radii of Co3+ and Mn3+ of 0.53 and 0.63 Å, respectively.
he c value increases with the calcination temperature, whereas
he lattice constant a remains almost unchanged. The increase of
he lattice constant c implies an enhancement of Li+ ion diffusion
n the layered structure [23]. Larger lattice parameter means that
i+ ion can move easily in the compounds, which can increase
he rate capability and indicates that the crystallinity is improved
24]. Indeed, the volume V of the unit cell also reported in Table 1
ncreases with the calcination temperature, which confirms the
etter crystallinity reached at 800 ◦C.

The intensity ratio I003/I104 and the lattice parameter ratio c/a
ave been considered as an indication of the degree of cation mix-

ng [25–27], the reason why it has also been reported as a function
f calcination temperature in Table 1. It is found that the intensity
atios of the diffraction peaks increase with increasing tempera-
ure. The I003/I104 = 1.23, 1.10 and 1.54 for the samples calcined at
00, 600 and 800 ◦C for 24 h, respectively. The ratio I003/I104 has
een used to measure the ordering of the two-dimensional layered
iMO2 (M: Co, Mn) compounds related to a good electrochemical
otential [28]. The value of I003/I104 < 1.2 is an indication of unde-
irable ordering structure [29,30]. The reversible capacity is known
o decrease when I003/I104 < 1.2 and is completely inactive when
003/I104 < 1.0 [31,32]. This is the case of the sample heated at 600 ◦C

here the value of I003/I104 = 1.10, giving evidence of a large cation-
ixing. On the other hand, the large value of this ratio in the sample

eated at 800 ◦C confirms its excellent structural properties.
Table 1 also shows the variation of the coherence length, i.e. the

ize L of the crystallites, in LiCo0.8Mn0.2O2 prepared under various
emperatures. L has been deduced from the Scherrer’s formula [33].
ote the Scherrer’s formula neglects the strain field effects, which is
reasonable approximation before delithiation, but we shall return

o this approximation below.
Fig. 2 shows the XRD pattern of the sample LixCo0.8Mn0.2O2 par-

ially delithiated according to the procedure mentioned in Section
, together with that of the same sample LiCo0.8Mn0.2O2 before
elithiation for comparison. The Rietveld refinements are shown in

ig. 3. Only one phase is present with sharp Bragg peaks indicating
hat the layered structure is maintained with a good crystallinity
fter the chemical de-intercalation. No evidence of Bragg peaks due
Fig. 3. Rietveld refinement of the X-ray diffraction patterns of the LixCo0.8Mn0.2O2

samples.

to a phase transition or a second phase has been detected. The
splitting between (1 0 8) and (1 1 0) gives evidence of a strengthen-
ing of 2D character in LixCo0.8Mn0.2O2 upon lithium removal. The
reliability index (R-factor) deduced from the Rietveld refinement
reported in Table 2 is R ∼ 0.5. It is considered as a good indica-
tor of hexagonal ordering [32]. The composition deduced from the
Rietveld refinement is x ≈ 0.9. Local charge neutrality then implies
that about half of the Mn ions are in the Mn4+ valence state, while
the rest remains in the Mn3+ valence state. This will be confirmed
by magnetic measurements in the next section.

Table 2 shows the variation of the lattice parameters upon
delithiation. The lattice parameter a decreases, but the lattice
parameter c increases, which results in an increase of the vol-
ume of the structure. This expansion of the inter-slab distance is
associated with the cationic mixing of Mn4+ and Mn3+ ions in the
(Co0.8Mn0.2)O2 slabs.

In general, several factors can contribute to the broadening of
peaks in X-ray diffraction [34,35]. In the case of manganese com-
pounds, we have already shown that two factors need being taken
into account: the size of the crystallites and the strain field [36]. We
then follow this previous work and combine the Scherrer’s equation
for crystallite size and the Bragg’s law for diffraction to determine
crystallite size L and micro-strain local 〈e2〉 by using the following
equation:

B2 cos2 � = 16〈e2〉 sin2 � + K2�2

L2
(1)

where B is the full-width at half-maximum (fwhm) in radian, after
correction of the instrumental broadening for finely powdered sili-
related to crystallite shape. The plot of the first member as a func-
tion of sin2 � is reported in Fig. 4 for the pristine LiCo0.8Mn0.2O2 and
its delithiated product LixCo0.8Mn0.2O2 (x ≈ 0.1). The plots are well
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Table 2
X-ray diffraction results obtained on lithiated LiCo0.8Mn0.2O2 powders synthesized by wet chemistry assisted citric acid and calcined at 800 ◦C in comparison with its
delithiated phase. The symbols are the same as in Table 1.

Samples a (A◦) c (A◦) c/a V (A◦3) L (nm) Reliability index (R)

Lithiated LiCo0.8Mn0.2O2 2.830(3) 14.11(5)
Delithiated LixCo0.8Mn0.2O2 2.810(7) 14.14(3)

F
E

fi
fi
l
L

d
a
a
l
f
l
T
c
L
i
t
d
a
w

ig. 4. Analysis of the full-width B at half-maximum of the XRD peaks according to
q. (1). B is in radian.

t by straight lines, in agreement with Eq. (1). The slope of the linear
t of the data provides us with the value of 〈e2〉, while the extrapo-

ation to sin � = 0 provides us with the value of the coherence length
.

Note that the linear law shown in the figure gives indirect evi-
ence that L is independent of q. The crystallites are then spherical
s first approximation, so that we take for the constant K the value
ppropriate to this particular case, K = 0.9. The spatial coherence
ength of samples of given composition may vary by a factor two
rom one sample to another, due to the impossibility of control-
ing all the numerous parameters during the synthetic process.
herefore, the dependence of L on y does not carry any signifi-
ance. However, for all the samples we have investigated, we find
≈ 60 nm, within a factor two. This value of L is a typical value for

ntercalation compounds, not only for lamellar compounds [20]. On

he other hand, the variations of L and 〈e2〉 for a given sample upon
elithiation are meaningful. We find L is unaffected by the delithi-
tion. For the sample in Fig. 4, we find L = 52 nm. On the other hand,
e find that 〈e2〉 is affected by the delithiation process. Therefore,

Fig. 5. TEM micrographs of LiCo0.8Mn0.2O2 powders synthesized by wet-chemical m
4.98 97.03 52 0.497
5.02 97.25 52 0.371

the lattice cannot accommodate the valence change of the Mn ions
without generating local strain fields. This is the proof that the ions
do not have the same ionic radius, i.e. are not in the same ionic
state because the delithiation is incomplete. In case all the mag-
netic ions have the same ionic radius (case x = 0), the periodicity of
the lattice would be maintained, so that the change Mn3+ → Mn4+

should be almost entirely accommodated by the global distortion
of the lattice, i.e. the variations of the lattice parameters.

The morphology of LiCo0.8Mn0.2O2 powders investigated by
TEM is shown in Fig. 5. Powders are formed of well-dispersed par-
ticles, which are slightly agglomerated and display a small quantity
of fragments. These TEM images are similar at any part of the sam-
ples, which appear to be homogeneous at a large scale. The average
particle size of LiCo0.8Mn0.2O2 is estimated to be in the range of
100 nm. The particle size deduced from TEM matches well with the
coherence length deduced from XRD patterns, so that the primary
particles are crystallites.

3.2. FTIR measurements

The XRD analysis does not allow us to determine the posi-
tion of the Li atoms in the LiCo0.8Mn0.2O2 structure because of
the weak scattering of Li. Fourier transform infrared spectroscopy
(FTIR) is known to be a good means of investigate of the structure
at a local scale, and the nature of the cationic environment in the
layered phase. IR features of LiMO2 materials considering vibra-
tions of compressed MO6 and elongated LiO6 octahedra that yield
distinct modes in two different frequency regions. The stretching
modes of (Co,Mn)O6 octahedra occur in the high-frequency region
(500–650 cm−1), while the stretching mode of LiO6 octahedra is
observed in the far-infrared region around 250 cm−1 [37].

For LiMO2 compounds, the four infrared active modes have been
recorded at 266, 508, 555 and 598 cm−1 for LiCoO2 and at 272,
450, 507 and 602 cm−1 for LiMnO2. These vibrational features are
consistent with the formation of the LiCoO2–LiMnO2 solid solu-
tion. The frequency position of the modes depends on the nature

of the transition-metal ions (mass, ionic radius, oxidation state)
[37]. The IR resonant frequency of LiO6 groups appears at 266
and 272 cm−1 in the LiCoO2 and LiMnO2 layered structures (R3m
space group), respectively. As far as the low-wavenumber peak

ethod assisted by citric acid. Samples were calcined at 800 ◦C for 24 h in air.
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Fig. 6. FTIR absorption spectra of pristine LiCo0.8Mn0.2O2 and delithiated
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atures. The linear fit of the �m (T) curve at T >50 K gives the
paramagnetic Curie temperature �p = −14 K and the Curie constant
Cp = 0.21 emu K mol−1. The effective moment per magnetic moment
of the manganese ions deduced from Cp is �eff = 2.90 �B. This is in
ixCo0.8Mn0.2O2 samples. Powders were synthesized by wet-chemical method
ssisted by citric acid and calcined at 800 ◦C for 24 h. Delithiated sample was
btained by immersion into a potassium peroxydisulfate solution.

s concerned, the isotopic Li replacement in LiMO2 has proven
hat this IR band between 200 and 300 cm−1 is associated to
he vibration of a relatively isolated LiO6 octahedron [38]. Fig. 6
hows the room temperature FTIR absorption spectra of the layered
iCo0.8Mn0.2O2 samples synthesized by wet chemistry method. As
xpected from the factor group analysis, these spectra display four
istinct infrared bands. The IR band situated at 269 cm−1 is assigned
ith confidence to an asymmetric stretching vibration of the Li+

on with O2− near neighbors in LiCo0.8Mn0.2O2. However, a small
ixing of Li–O stretching and O–M–O bending motion is present

n the low-wavenumber peak. The high-frequency bands of the
TIR absorption spectra of LiCo0.8Mn0.2O2 located at ca. 603 and
67 cm−1 are attributed to the asymmetric stretching modes of
O6 group, whereas the low-frequency bands at ca. 519 cm−1 are

ssigned to the bending modes of O–M–O chemical bonds.
Fig. 6 illustrates the FTIR patterns of the LixCo0.8Mn0.2O2 (x ≈ 0.9)

ample in comparison with the parent pristine sample. From the
pectra shown in this figure we find that: (i) extracting Li ions does
ot change the space group, (ii) the frequency of LiO6 octahedra

s affected slightly by lithium de-intercalation, and (iii) displace-
ent of the M–O stretching peaks occur. For example the slight

requency shift of LiO6 vibrations from 269 to 248 cm−1 implies
hat the octahedral oxygen environment of Li+ ions remains quite
table in the investigated concentration domain. This is related to
he very small variation of the interslab distance (that corresponds
o the c/a value for that hexagonal cell). The strength of the LiO6
eak decreases upon Li extraction due to the decrease of the density
f oscillators. The broadening of all the IR bands is associated with
he disorder induced by the departure of Li ions located between
wo (Co0.8Mn0.2) blocks. In particular, the broadening of the low-
requency band is attributed to the random distribution of Li ions
emaining in the host matrix. The frequency shift observed for the
igh-wave number bands that are assigned to the MO2 layers is
nly small. Therefore, the MO2 layers are not strongly affected by
he lithium de-intercalation process.

.3. Magnetic properties

Fig. 7 displays the isothermal magnetization curves M(H) in the

ange 4 ≤ T ≤ 300 K for the LiCo0.8Mn0.2O2 pristine material. Except
t the lowest temperature (4.2 K), the magnetization is linear in
, which allows us to define the magnetic susceptibility by the

ormula �m = M/H. Fig. 8 shows the temperature dependence of
Fig. 7. Isothermal plots of the magnetization M(H) for LiCo0.8Mn0.2O2 powder syn-
thesized by wet-chemical technique assisted by citric acid pristine material (x = 1.0).

the reciprocal magnetic susceptibility of LiCo0.8Mn0.2O2, �m
−1(T),

which indicates that the Curie–Weiss law �m = Cp/(T − �) is satis-
fied down to approximately 50 K. No ordering is observed down
to 10 K, the small downward curvature responsible for the depar-
ture of �m

−1(T) from the Curie–Weiss law below 50 K being easily
accounted for by a residual contribution of localized spins. Such
loose spins add a Curie contribution to the total susceptibility that
diverges at T = 0 and is thus non-negligible below 50 K, even if their
concentration is very small (0.01%). In the whole range T ≥ 10 K, no
difference could be detected between field-cooled and zero-field
cooled susceptibilities (see Section 2), which is another evidence
that the sample is paramagnetic in this whole range of temper-

−1
Fig. 8. Plot of H/M measured at H = 10 kOe for pristine LiCo0.8Mn0.2O2 powder (left
scale) and its delithiated parent LixCo0.8Mn0.2O2 with x = 0.23 ± 0.02 (right scale).
Lithium extraction was performed by immersion of sample using the potassium
peroxydisulfate method at room temperature.
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Fig. 10. Temperature dependence of the inverse of the magnetic susceptibility
ig. 9. Isothermal plots of the magnetization M(H) for LixCo0.8Mn0.2O2 powder syn-
hesized by wet-chemical technique assisted by citric acid, after partial delithation
y immersion into a potassium peroxydisulfate solution.

ood agreement with the theoretical value 2.83 �B predicted by
ssuming that Mn is trivalent in the low-spin state (t4

2ge0, spin
= 1), while Co is in the Co3+ (non-magnetic) valence state.

In the low-temperature region, LiCo0.8Mn0.2O2 exhibits a spin
reezing at 8 K as evidenced by the cusp in the graph �mT vs. T
not show here) and below this temperature, a separation between
eld-cooled and zero-field cooled experiments, so that 8 K is also
he temperature for the onset of magnetic irreversibility. The inves-
igation of this spin freezing at very low temperatures, however, is
eyond the scope of this work, and has been discussed elsewhere

n intercalation compounds [39].
The low-spin state of Mn3+ shows that the transition to the

igh-spin state associated with a large variation of the volume of
he unit cell due to the Jahn–Teller distortion in some other com-
ounds [38–41] is not observed here. The intra-chain Mn–O–Mn
0◦ interaction will involve the empty dx2−y2 orbital and is expected
o be weakly ferromagnetic (FM). The intra-chain Mn3+–Mn3+ inter-
ction occur via the half- filled t2g(dxz) orbitals across a shared
ctahedral-site edge and is antiferromagnetic (AFM), according to
he Goodenough [42] and Kanamori [43] rules. The magnetic inter-
ctions are then a mixture of FM and AFM interactions generating
rustration. The negative value of �p, however, reveals that AFM
nteractions are dominant. However, the Mn3+–Mn3+ interactions
re small, as shown by the small value of �, which is consistent with
he fact that the range of validity of the Curie–Weiss law extends
own to 50 K.

The magnetization curves of the delithiated LixCo0.8Mn0.2O2
ample are shown at different temperatures in Fig. 9. These curves
re now far from linear, which makes the analysis more complex.
irst, we note that the magnetization can be decomposed, at least
bove 10 K, into a linear component, superposed on a component
hat saturates above 15 kOe, so that we can write

(H > 15 kOe) = MS + �H (2)

The magnetic susceptibility � is now given by the slope of the

agnetization curve in its linear part at high field. The plot of �−1

s a function of T in Fig. 10 shows that it satisfies the Curie–Weiss
aw with a Curie temperature that is about the same as in the pris-
ine sample before delithiation, so that this contribution has the
defined as dM/dH at H > 15 kOe for LixCo0.8Mn0.2O2 powder synthesized by wet-
chemical technique assisted by citric acid, after partial delithation by immersion
into a potassium peroxydisulfate solution.

same origin, namely the Mn3+ ions still present in the material,
due to the incomplete delithiation. From the slope of �−1(T) we
find the Curie constant Cp = 0.11 emu K mol−1, twice smaller than
that of the pristine sample. The concentration of Mn3+ ions that
contribute to �H is then reduced by a factor 2, which amounts to
0.1 Mn3+ per mole of product. The other half of the manganese
ions arise from the conversion of Mn3+ in Mn4+ associated with
the partial delithiation. The intrachain 180◦ cation-oxygen-cation
superexchange between octahedral site cations is antiferromag-
netic according to the Goodenough–Kanamori rules for one cation
in the d4:t4

ege0
eg configuration (Mn3+) and one ion in the t3

ege0
eg

(Mn4+). In addition, while the Mn3+–Mn3+ interactions are small,
the Mn3+–Mn4+ interactions are strong, so that these pairs are spin
frozen in an antiferromagnetic (AF) state. MS is then the result of the
uncompensated magnetic moment between the spins S(Mn3+) = 1
and S(Mn4+) = 3/2 forming NMn antiferromagnetic (AF) pairs

MS = NMn g�B[S(Mn4+) − S(Mn3+)] = NMn�B (3)

with g = 2 the gyromagnetic factor. The extrapolation of the lin-
ear part of the total magnetization from high field down to H = 0 at
T > 50 K gives MS ≈ 160 emu mol−1. Inserting this value in Eq. (3), we
find NMn = 0.03 per mole of product. Mn4+–Mn4+ interactions are
also antiferromagnetic according to the Goodenough–Kanamori
rules, and strong. Therefore, we attribute to Mn4+–Mn4+ AF pairs
the difference between the total concentration 0.2 of manganese
and the 0.16 Mn that contribute to Eq. (2) (0.1 unpaired Mn3+,
plus 0.03 Mn3+ and 0.03 Mn4+ forming Mn3+–Mn4+ AF pairs). The
total concentration of Mn3+ ions is 0.13, while the concentration
of Mn4+ ions is 0.07. The electric charge neutrality then implies
that the concentration of lithium is x = 0.93, in quantitative agree-
ment with the result of Rietveld refinement (see Section 3.1). The
ability of magnetic measurements to determine independently not
only the total concentration x of Mn4+ ions, but also the concentra-
tion of Mn3+–Mn4+ pairs and the Mn4+–Mn4+ comes from the fact
that the contribution of these entities to the magnetic properties
is quite different. The Mn3+ ions are only weakly coupled to the
other Mn3+ ions, so that Mn3+–Mn3+ pairing is responsible for the
Curie–Weiss contribution to the magnetization, responsible for the

4+
slope of the M(H) curves at high field. The Mn ions are strongly
coupled to the other manganese ions, so that Mn4+–Mn3+ pairs form
a ferrimagnetic percolating structure responsible for the part of the
magnetization that saturates to MS at intermediate fields, while



6446 H.A.M. Abuzeid et al. / Journal of Power Sources 196 (2011) 6440–6448

F
p

M
t

t
i
N
u
M
t
o
c
a
p
o
t
c
w
a

L
d
m
m
t
s
a
t
t
i
r
g
i
[
a
i
c
0
M
c
i
v
m
M

Fig. 12. Typical charge–discharge profiles of Li//LiCo0.8Mn0.2O2 non-aqueous

the second stage near 4.0 V is attributed to oxidation of Co3+ ions.
These resulted from the prior oxidation of Mn3+ ions before the
cobalt ions. Fig. 14 shows that the capacity is reduced by a factor
2 at 10 C rate, and that no significant loss of capacity is observed

Table 3
Initial discharge capacity, charge capacity and discharge efficiency % of
LiCo0.8Mn0.2O2.

Sample LiCo0.8Mn0.2O2 x in LixCo0.8Mn0.2O2

Discharge capacity (mAh g−1) 157 0.57
ig. 11. Inverse of the magnetic susceptibility of LixCo0.9Mn0.1O2 (same preparation
rocess as for the LixCo0.8Mn0.2O2 sample).

n4+–Mn4+ pairs are spin frozen in an AF configuration so that
hey do not contribute to the magnetization.

The chemical oxidation has thus allowed us to oxidize essen-
ially half of the Mn ions. Note that the concentration of manganese
nvolved in Mn4+–Mn4+ is 0.04, meaning 0.02 AF pairs close to
Mn, the difference 0.01 being typically within the uncertainty; the
ncertainty in the concentrations of the AF pairs and of unpaired
n3+ is typically 5 × 10−3. This is actually expected since half of

he Mn3+ converted in Mn4+ also means an equal concentration
f Mn3+–Mn4+ pairs and Mn4+–Mn4+ pairs, so that there is a self-
onsistency between the results we have found for unpaired Mn3+

nd AF pairs. The valence of the cobalt has not changed in the
rocess, because electrochemical properties show the Mn ions are
xidized first, while Co3+ is oxidized in Co4+ only at high poten-
ial above 4 V as we shall see in the next section. This difficulty to
hange the oxidation state of Co from Co3+ to Co4+ is the reason
hy the limit x = 0 in LixCo1−yMnyO2 could be reached only in the

bsence of cobalt (y = 1), as reported in our previous work [11].
For comparison, we have made the same analysis on

iMn0.1Co0.9O2. Because of the lower content in manganese, we
o not have Mn–Mn pairing in that case, and this is shown by the
agnetic properties, the analysis of which is now very simple: the
agnetization in that case is linear in H before and after the par-

ial delithiation using the same chemical procedure (same product,
ame time). The inverse of the susceptibility curves �−1(T) before
nd after the chemical delithiation are shown in Fig. 11. �−1(T) for
he pristine sample does not follow the Curie–Weiss-law; it is due
o the superposition of the Curie–Weiss-law owing to the Mn3+

ons and the temperature independent contribution of the Co3+ ions
esponsible for a Van-Vleck paramagnetism that we have investi-
ated elsewhere [44]. The quantitative analysis of the �−1(T) curve
n that case is similar to that of LiCoO2 with magnetic impurities
45]. Let us focus here on the �−1(T) curve of the partially delithi-
ted sample. The Curie–Weiss contribution of the magnetic ions
s now dominant, because of the conversion of Mn3+ in Mn4+ that
arries a larger spin. Indeed, the Curie constant Cp is found equal to
.217, which is larger than the value expected assuming that all the
n ions are in the Mn4+ valence state. Taking into account that Co4+

arries a spin 5/2, we find that the conversion of 2% of the cobalt
n Co4+ valence state is sufficient to account for the experimental

alue of Cp, which means 0.018 positive charge per chemical for-
ula, that adds to the 0.1 charge due to the conversion of Mn3+ in
n4. This excess of positive charge must to be compensated by the
lithium cell employing the electrolyte of composition 1.0 mol L−1 LiClO4 in PC at
room temperature. Charge and discharge were carried out at current density C/12
and C/6 respectively.

removal of Li+, so that x in LixMn0.1Co0.9O2 is 0.88. Note that this
value of x is close to that of the delithiated LixMn0.2Co0.8O2. How-
ever, to reach this value in the case of LixMn0.1Co0.9O2, we had to
convert all the Mn3+ ions in Mn4+, while in LixMn0.1Co0.9O2, half of
them only were oxidized. We can then infer from this comparison
that the chemical process solution used to delithiate the material
allows for a removal of 0.10 ± 0.03 lithium per LixCo1−yMnyO2 for-
mula provided that the manganese concentration is large enough
(i.e. y ≥ 0.1). For y < 0.1, we shall have x ≈ y due to the difficulty to
oxidize the cobalt by this chemical process.

3.4. Electrochemical studies on LiCo0.8Mn0.2O2

The variation of potential of LiCo0.8Mn0.2O2 electrode calcined
at 800 ◦C for 24 h is shown in Fig. 12. There is a good reproducibil-
ity of charge–discharge curves. The discharge capacity obtained
from Fig. 12 and in Table 3 is 156.7 mAh g−1 when discharged
to a cut-off voltage of 2.7 V, with a discharge efficiency of 92.7%.
About 12 mAh g−1 irreversible capacity was observed during the
first charge and discharge. This result is in a good agreement with
previously reported work by Suresh et al. [46]. The shape of the
charge–discharge curves shows a good reversibility during the first
cycle. In the composition domain 0 ≤ x ≤ 0.6 the voltage charge
profile of the Li//LiCo0.8Mn0.2O2 cells exhibited an increase of the
potential followed by a plateau at ca. 3.85 V. The voltage profiles
exhibited a quasi-flat domain at about 3.85 V followed by a poten-
tial increase for a depth of charge x > 0.4 and reached 4.3 V at
x = 0.55. The first plateau, near 3.85 V, is due to the oxidation of
Mn3+ ions, while at x > 0.5 the profiles were very close to those
of the Li//LixCoO2 cell. These features are also apparent in Fig. 13
depicting the differential capacity (−∂Q/∂V) vs. cell potential. Thus,
Charge capacity (mAh g−1) 169 0.61
Discharge efficiency % 93 93

Discharge efficiency % = discharge capacity/charge capacity.
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ig. 13. Differential capacity (–∂Q/∂V) vs. cell potential of the Li//LiCo0.8Mn0.2O2

xperimental cell presented in Fig. 11. Charge and discharge were carried out at
urrent density C/12 and C/6, respectively, like in Fig. 12.

uring the 30 cycles for which it was tested. The capacity at 1 C rate
s 134 mAh g−1. This performance was not necessarily expected for
his material, since Mn3+ is a Jahn–Teller ion, which implies that
he change of valence Mn3+ ⇔ Mn4+ is accompanied by local distor-
ions, and thus strain fields, which reduces the life of the battery,
specially at high C-rates. The generation of strain fields is well
bserved in our samples (see Section 2). We have noticed, however,
hat this strain field was not sufficient to generate spin transitions
etween low and high spin states for the manganese ions, in con-
rast with what we have observed in other compounds such as
iMnPO4 in particular [47]. One reason is that the concentration
f Mn ions is limited to 0.2, and indeed, at such dilutions, such spin

ransitions and the dramatic loss of the electrochemical proper-
ies are avoided in LiFe1−yMnyPO4. The absence of spin transition
n LiCo1−yMnyO2 presumably plays a role in the results we have
btained in the present work.

ig. 14. Cycling performance of Li//LiCo0.8Mn0.2O2 cells at various current densities
etween 3.0 and 4.4 V vs. Li+/Li0.
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4. Conclusions

The lithium extraction–insertion reactions have been explored
in a LixCo0.8Mn0.2O2 matrix having the rhombohedral symmetry.
The immersion of LiCo0.8Mn0.2O2:K2S2O8 dissolved in water and
stirred at room temperature for 24 h removes 0.10 ± 0.03 lithium
per LiCo0.8Mn0.2O2 formula, and this is actually true also for dif-
ferent substitution rates of Co for Mn, which shows the ability of
Mn3+ ions to oxidize. Magnetic experiments turned out to be a very
powerful tool to analyze the delithiation process. It allowed us to
determine the composition x, i.e. the rate of delithiation, which is
found in quantitative agreement with the value deduced from the
Rietveld refinement of the XRD spectra. In addition, it allowed us
to determine that the chemical delithiation proceeds only by oxi-
dation of Mn3+ in Mn4+, while the cobalt remains in the trivalent
state. This result is consistent with the results of electrochemi-
cal experiments, according to which the oxidation of Co3+ takes
place only in a second step, at high voltage near 4.0 V. The chemical
delithiation process is too soft to reach this second step. In addi-
tion, the magnetic experiments allowed us to extract information
that Rietveld refinements fail to give, such as the concentrations
of Mn3+–Mn3+, Mn3+–Mn4+, and of Mn4+–Mn4+ nearest neighbors.
The results reveal an homogeneous distribution of manganese in
the metal ion sublattice, which is consistent with the good crys-
tallization and good homogeneity probed at the mesoscopic scale
by the FTIR experiments. The electrochemical properties under
such conditions show that this low-temperature cathode material
exhibits acceptable electrochemical capacity with lower polariza-
tion, operating at potentials below 4 V.
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