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bstract

Nanosized double substituted LiNiYCo1−2YMn1+YO4 (Y = 0.05, 0.1, 0.25 and 0.45) spinels have been synthesized by a single-step combustion-
ided procedure, which use sucrose as fuel. The as prepared samples contained some amorphous organic impurities that were removed after a
hort heating at 400 ◦C. The samples have been characterized by X-ray diffraction, thermal analysis and transmission electron microscopy. Lattice
arameter of the spinels increased with nickel content, and decreased from 400 to 600 ◦C, at which temperature stoichiometric spinels with particle

ize of ≈20 nm were obtained. The electrochemical properties of the 600 ◦C-treated samples in the 5 V region have been studied. The sample with
omposition LiNi0.45Co0.1Mn1.45O4 has shown the best electrochemical performance, with redox potential of 4.6 V, capacity of 129.6 mAh g−1,
yclability of 99.6% per cycle, and retained the capacity up to 1C rate.

2006 Elsevier B.V. All rights reserved.

des

m
b
h
o
c

c
s
T
t
m
a

eywords: Lithium batteries; LiMn2O4; Spinel; Cathode materials; 5 V electro

. Introduction

Recent trends in Li-ion batteries are focused on the devel-
pment and characterization of high-voltage cathode materials
orking in the 5 V region [1]. It has been shown that when man-
anese atoms are substituted in the spinel-type LiMn2O4 oxide
y other transition metals giving way to the LiMYMn2−YO4
M = Cr, Ni, Co, Al, Fe, Cu, Mg, etc.) compounds, improve-
ent of cyclability is achieved [2–6]. For some particular dopant

ations and for large dopant contents, a large part of the cath-
de capacity is observed at potentials between 4.7 and 5.2 V. As
n4+ ions are electrochemically inactive in these compounds at
hese potentials, the shift of the main reversible redox process
rom about 4 to nearly 5 V during Li+ insertion/extraction has
een attributed to the redox reaction of the substituting transition

∗ Corresponding author. Tel.: +34 91 334 90 73; fax: +34 91 372 06 23.
E-mail address: rmrojas@icmm.csic.es (R.M. Rojas).
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etals [7–12]. Simultaneous partial replacement of manganese
y two transition metals has also been reported [13–20], and it
as been pointed out that this co-doping has a synergistic effect
n the improvement of the cycling life of these materials as
athodes in lithium batteries [14,19].

It is well known that the electrochemical behavior of the
athode materials depends not only on the composition of the
pinel phase, but also on its morphology and defect structure.
hese parameters are determined by the synthesis procedure and

he thermal treatment conditions. Recently, we have shown that
aterials obtained by the combustion route with sucrose as fuel

nd treated at relatively low temperature, lead to spinels with
anosize particles with very good electrochemical performance,
articularly at high current density [21–23]. Aimed to influence
he voltage of the 5 V region, and to improve the rate capability

f the materials, we have carried out the synthesis of the dou-
le substituted LiNiYCo1−2YMn1+YO4 (Y = 0.45, 0.25, 0.1 and
.05) spinels by the sucrose-aided combustion method. To guar-
ntee the electrochemical activity in the 5 V region the amounts
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f Ni and Co dopants were chosen to keep the oxidation state
f manganese in the spinels as Mn4+. The samples have been
haracterized by X-ray diffraction, thermal analysis and electron
icroscopy. The electrochemical behavior of the spinels synthe-

ized has been studied, and compared with the reported for the
nd members compounds LiNi0.5Mn1.5O4 and LiCoMnO4.

. Experimental

The LiNiYCo1−2YMn1+YO4 (Y = 0.05, 0.1, 0.25 and 0.45)
pinels were synthesized by the combustion method, from the
toichiometric amounts of Li, Ni, Co and Mn nitrates, which
ct as the oxidants, and sucrose as fuel. The reaction can be
escribed as follows:

iNO3 + YNi(NO3)2 · 4H2O + (1 − 2Y )Co(NO3)2 · 6H2O

+ (1 + Y )Mn(NO3)2 · 4H2O + 1
2 C12H22O11 + 1

2 O2

→ LiNiY Co1−2Y Mn1+Y O4 + 6CO2 + ( 31
2 −4Y )H2O+ 5

2 N2

When using the stoichiometric amount of sucrose, i.e. 1/2 mol
f C12H22O11, that keeps the oxidant/fuel ratio = 1:1 [24,25], the
eaction is extremely violent. To avoid it, and after a detailed
xamination of the combustion process, the oxidant/fuel ratio
hosen was ≈0.5, i.e. 1 mol C12H22O11. In this way the reaction
an be easily controlled. It is worth to mention that the synthesis
ethod chosen allows a simple way of controlling the reac-

ion intensity, and makes it very appropriated for preparation of
anosize materials with a variety of compositions. The reagents
olution was heated at about 120 ◦C for 30 min, and when dried
t starts to swell up due to the evolution of gases generated in the
hermolysis of the reagents, giving way to a foamy mass. After
few minutes, the mass starts to burn up spontaneously without
ame. The product of the reaction is a very light and downy
lack powder. The yield is ≈98%. Samples once obtained were
eated at 400 ◦C for 1 h. These samples will be hereafter referred
o as “as prepared”. They were then accumulatively treated in
ir at 400 ◦C and at 600 ◦C for 6 h, at a heating/cooling rate of
◦C min−1.

The phase purity and morphology of the samples were studied
y X-ray powder diffraction. X-ray powder diffraction patterns
ere recorded at room temperature in a Bruker D8 diffractome-

er, with Cu K� radiation. The patterns were obtained in the
tep scanning mode at 0.04◦ (2θ) step and 2 s step−1 counting
ime, within the range 10◦ ≤ 2θ ≤ 80◦. Lattice parameters were
efined with the CELREF program [26]. The average crystal-
ite size was calculated from several diffraction lines from the
cherrer formula:

= λ

β
cos θ

is the wavelength of Cu K� = 1.54186 Å, θ the diffraction
ngle, and β = √

(β2
m − β2

s ) is the corrected half-width of the

iffraction peaks, where βm is the observed half-width of the
xperimental diffraction peaks and βs is the half-width of the
iffraction peaks of a standard sample, in our case the Y = 0.45
ample heated at 1000 ◦C.

t
T
l
i
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Transmission electron micrographs were taken in a JEOL
000FX electron microscope operating at an acceleration volt-
ge of 200 kV. The samples were dispersed in n-butyl alcohol,
nd drops of the dispersion were transferred to a holey carbon-
oated copper grid.

Differential (DTA) and thermogravimetric (TG) analysis
ere carried out simultaneously with a DTA/TG Seiko 320U

nstrument up to 1000 ◦C in still air, and 10 ◦C min−1 heating
nd cooling rates. About 50 mg of sample was used in each run,
nd �-Al2O3 was the inert reference.

The study of the electrochemical behavior of the
iNiYCo1−2YMn1+YO4 spinels heated at 600 ◦C for 6 h was
erformed in a Swagelok® two-electrode lithium cell. Posi-
ive electrode composites were prepared from the spinel powder
≈20 mg or 72 wt.%), MMM Super P carbon black (17 wt.%)
nd polyvinylidenefluoride (PVDF, 11 wt.%). These percent-
ges were chosen in accordance with those reported in Ref. [27].
e proceeded as follows: N-methylpyrrolidinone (1 ml per gram

f PVDF) was added to the mixture of the three components,
nd they were stirred overnight. The solvent was evaporated at
0 ◦C. Then cylindrical pellets (12 mm diameter and ca. 0.2 mm
hickness) of positive electrode were obtained after cold press-
ng at 370 MPa. The negative electrode was a lithium foil, which
lso operated as reference electrode. The electrodes were sep-
rated by a Whatman BSF80 paper soaked in the electrolyte,
hich was a 1 M solution of LiPF6 in ethylene carbonate and
imethyl carbonate as supplied by Merck. The components were
ssembled into a two-electrode Swagelok® cell within an argon
love box in which water content was kept below 1 ppm. The
ell was galvanostatically cycled at room temperature in the volt-
ge range of 3.4–5.2 V at 0.5C rate in charge and at C rate in
ischarge with an Arbin battery tester system (BT2043). Rate
apability of LiNi0.45Co0.1Mn1.45O4 was studied by cycling
he test cell at increasing discharge currents from 0.5 to 14C
ate between 3.4 and 5.2 V at 25 ± 0.2 ◦C. Every charge was
arried out at 0.5C rate. C is the capacity of the cathode calcu-
ated from the theoretical capacity of the LiNiYCo1−2YMn1+YO4
pinel and the mass of spinel used in the composite. The C
oefficients are the inverse of the theoretical charge/discharge
ime.

. Results and discussion

.1. Structural, thermal and morphological
haracterization

The X-ray patterns obtained for the “as prepared” samples
re presented in Fig. 1. They show broad diffraction lines, which
an be fully indexed in the Fd3m space group. There is a shift of
he diffraction peaks towards higher 2θ angles with decreasing
he Ni-content, indicating the progressive diminution of lattice
arameter of the “as prepared” samples on decreasing the Ni
oping. Lattice parameter values go from a = 8.184(4) Å for

he sample at Y = 0.45 to 8.101(7) Å for the sample at Y = 0.05.
he X-ray patterns of all samples show the (2 2 0) diffraction

ine, which even having a very low intensity is not negligible. It
ndicates the presence of some heavy cations in the tetrahedral



R.M. Rojas et al. / Journal of Power Sources 160 (2006) 529–535 531

F
L
a

p
f

s
r
i
D
c
i
d
p
a

F
s

F
“
c

w
t
(
p
e
a
F
s
1
T
o

h
e
t
a
s
p

ig. 1. X-ray diffraction patters of the “as prepared” samples: (a)
iNi0.45Co0.1Mn1.45O4, (b) LiNi0.25Co0.5Mn1.25O4, (c) LiNi0.1Co0.8Mn1.1O4

nd (d) LiNi0.05Co0.9Mn1.05O4.

ositions of the spinel structure. This peak is more pronounced
or the Co-rich samples, i.e. Y = 0.1 and 0.05.

Thermal analysis curves recorded for all the “as prepared”
amples are similar. As an example, DTA and TG curves
ecorded simultaneously for the sample at Y = 0.45 are presented
n Fig. 2. An exothermic peak and a step are observed in the
TA and TG curves, respectively, at about 200 ◦C. Both effects

an be ascribed to the combustion of some organic amorphous
mpurities [22,23]. These impurities are not detectable by X-ray

iffraction, and indicate that the “as prepared” samples are not
ure spinels. They have some organic residues, which disappear
fter heating of the samples at 400 ◦C for 6 h. This temperature

ig. 2. DTA/TG curves recorded for the “as prepared” LiNi0.45Co0.1Mn1.45O4

pinel. The inset shows the enlarged TG curve in the 200–700 ◦C region.
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ig. 3. Variation of the lattice parameter of the LiNiYCo1−2YMn1+YO4 samples
as prepared” (♦), heated at 400 ◦C (©) and at 600 ◦C (�) for 6 h (dotted line
orresponds to the linear fit).

as chosen because it corresponds to the lowest temperature of
he plateau appearing in the TG curve between 400 and 500 ◦C
Fig. 2). In effect, DTA and TG curves recorded for the sam-
les after the latter thermal treatment do not show either the
xothermic effect or the step already mentioned. Between 500
nd 600 ◦C the sample undergoes a weight gain (Fig. 2, inset).
or temperatures higher than 600 ◦C the decomposition of the
pinel starts off, and a continuous weight loss takes place up to
000 ◦C. This weight loss is ascribed to oxygen removal [22,23].
he TG curve recorded on cooling indicates that the mass lost
n heating is not completely regained on cooling.

Having in mind the results of thermal analysis we decided to
eat the “as prepared” samples at 400 and 600 ◦C for 6 h. The
volution of the lattice parameter with composition for these
wo temperatures is shown in Fig. 3, and the values determined
re summarized in Table 1. It is observed that for all compo-
itions the lattice parameter decreases from the samples “as
repared”, i.e. heated at 400 ◦C for 1 h, to the samples heated at
00 ◦C for 6 h, i.e. with increasing the temperature of the ther-
al treatment. Such behavior is unusual, since an increase of the

attice parameter with temperature has been generally reported
17,22]. The variation of the lattice parameters with temper-
ture (Fig. 3) can be related to the specific conditions of the
ethod of synthesis. At the first stages of the reaction, during

he swelling process, a local reducing atmosphere is generated
ue to the thermolysis of the reagents. In these conditions some
ations could have oxidation states lower than the theoretical
nes for spinels. Reduction processes have been also reported
or the thermal decomposition of some organic salts [28,29].
pon heating the samples at 400 ◦C for 6 h, besides purification
f the samples, some oxidation of the spinels takes place, and
hey become fully oxidized after thermal treatment at 600 ◦C for
h. The oxidation process is clearly observable in the TG curve

ecorded for the Y = 0.45 sample (Fig. 2, inset) where a weight
ain is seen in the 500–600 ◦C range. This oxidation process

an account for the observed diminution of lattice parameters
long the thermal treatments. A similar diminution of the lattice
arameters between 300 and 600 ◦C has been reported for the
iNi0.5Mn1.5O4 synthesized by a sol–gel procedure [8].
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Table 1
Structural and electrochemical data for the LiNiYCo1−2YMn1+YO4 spinels

Sample Treatment
temperature (◦C)a

Lattice
parameter (Å)

Particle
sizeb (nm)

Capacity at the 1st
discharge cycle (mAh g−1)

Capacity at the 50th
discharge cycle (mAh g−1)

LiNi0.45Co0.1Mn1.45O4 As prepared 8.184(4) 15
400 8.177(2) 16
600 8.165(1) 25 129.6 104.6

LiNi0.25Co0.5Mn1.25O4 As prepared 8.140(2) 14
400 8.131(3) 16
600 8.124(2) 20 105.6 65.6

LiNi0.1Co0.8Mn1.1O4 As prepared 8.105(3) 16
400 8.098(3) 16
600 8.097(2) 21 88.9 39.3

LiNi0.05Co0.9Mn1.05O4 As prepared 8.101(7) 16
400 8.090(3) 19
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600 8.084(2)

a The samples were heated for 6 h at the temperatures indicated.
b From X-ray diffraction patterns.

On increasing the Ni-content lattice parameter of the double
ubstituted spinels linearly increases either for the “as prepared”
r for the heat-treated samples (Fig. 3). This linear increase of the
ubic parameter indicates the formation of a solid solution in the
hole compositional interval. Moreover, the lattice parameter
alues range between the reported for the end-members of the
olid solution, i.e. LiCoMnO4 and LiNi0.5Mn1.5O4, which are
= 8.052 Å [9,30] and a = 8.1757(5) Å [8,22], respectively. The

ncrease of the lattice parameter is explained considering the
arger ionic radius of VINi2+ (0.69 Å) compared to the ionic
adius of VICo3+ (0.545 Å) [31].

The evolution of particle size with thermal treatment has also
een investigated. The mean coherent domain size has been
alculated from the X-ray patterns of the “as prepared” and
eat-treated samples, by the Scherrer formula; and they are sum-
arized in Table 1. A result to remark is that in all cases we are

ealing with nanometric materials. The small particle size shown
y the LiNiYCo1−2YMn1+YO4 synthesized by the sucrose-aided
ombustion procedure can be accounted for bearing in mind
he gases evolved during the combustion. They can produce a
preading out of the reaction mass separating the particles, and
lso can help to dissipate the heat developed during the burning
nd hence, inhibiting the sintering of the particles. The varia-
ion of the crystallite size with composition is negligible, and
nly a small increase with the temperature is observed. The “as
repared” samples have an average crystallite size of ≈14 nm,
nd for the 600 ◦C-treated samples it is of ≈20 nm. Transmission
lectron micrograph were also taken and as an example, a micro-
raph of the Y = 0.45 spinel heated at 600 ◦C for 6 h can be seen
n Fig. 4a. In Fig. 4b, the corresponding particle size histogram,
nd the fitting to a Gaussian curve is presented. A homogeneous
istribution of the faceted particles is observed, the average par-
icle size deduced from TEM is 22 nm, with a standard deviation

7 nm, that fairly agrees with the values determined from XRD

nalysis.

All the above described results and considerations lead us
o conclude that 600 ◦C is the most appropriate temperature for
btaining the stoichiometric nanostructured double substituted

d
b
t
s

77.8 19.2

i–Co lithium manganese spinels synthesized by the sucrose-
ided combustion method. That is the reason why these are the
amples whose electrochemical behavior has been investigated.

.2. Electrochemical properties

The charge/discharge curves of the LiNiYCo1−2YMn1+YO4
pinels registered at 0.5C/C charge/discharge rate are plot-
ed in Fig. 5a. On increasing the nickel content, the average
edox potential decreases, and the shape of the curves becomes
ess sloping. Thus, for the richest Ni-sample, Y = 0.45, the
rofile shows a well-defined flat plateau at ≈4.6 V. The dis-
harge capacity notably increases on increasing the Ni-content.
t rises from 77.8 mAh g−1 for Y = 0.05 to 129.7 mAh g−1

or Y = 0.45. The latter value is very close to the theoreti-
al one, Qtheor = 146.53 mAh g−1, and to values reported in
he literature [17], even though we have used notably higher
ischarge currents. This result seems to indicate that the
iNi0.45Co0.1Mn1.45O4 has an elevated rate capability.

The lithium insertion degree, �Li+, determined from the
apacity drained for the cell increases as the Ni-content does. It
ises from �Li+ = 0.54 for Y = 0.05 to �Li+ = 0.88 for Y = 0.45.
n Fig. 5b, the variation of �Li+ versus Ni-content has been
lotted. The insertion degree of the LiNi0.05Co0.9Mn1.05O4,
Li+ = 0.54, is far greater than expected, �Li+ = 0.1, if only the

ickel ions would be the electrochemically active. This result
emonstrates that besides Ni2+, the Co3+ is also oxidized in the
xplored potential region (voltage window 3.4–5.2 V). On the
ther hand, if both cations can be oxidized, the lithium insertion
egree must be �Li+ = 1 for every sample. However, we observe
hat �Li+ linearly decreases on increasing the Co-content. In
ur case, this decrease cannot be ascribable to kinetic limita-
ions because the particle size is very small (≈20 nm) and it is
imilar for every sample. Instead, it would indicate that it is more

ifficult to extract/insert lithium in the Co-rich samples. It may
e due to the high potential of Co3+/Co4+ couple [6,9,30], and
o the presence of some heavy atoms in tetrahedral positions, as
hown by X-ray diffraction (Fig. 1).
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Fig. 5. Charge/discharge curves of: (a) LiNiYCo1−2YMn1+YO4 spinels heated at
600 ◦C for 6 h, registered at 0.5C rate in charge and at C rate in discharge and
(
a
o

the Ni-content, sample Y = 0.1, the former two peaks overlap in
a broad peak at ≈4.6 V, and another new broad peak is observed
at about 4.8 V. For the Y = 0.05 only the broad peak at ≈4.8 V
is distinguished. As the Co3+/Co4+ redox reactions take place at
ig. 4. TEM micrograph of: (a) the LiNi0.45Co0.1Mn1.45O4 spinel heated at
00 ◦C for 6 h and (b) the corresponding histogram.

To analyze the difference in the shape of the charge/discharge
urves of the LiNiYCo1−2YMn1+YO4 spinels, in Fig. 6 we have
lotted the incremental derivative capacity, �Q/�E versus volt-
ge. For the nickel-rich LiNi0.45Co0.1Mn1.45O4 spinel, two nar-
ow and well-resolved peaks are observed. These two peaks
entered at very closed potentials, E = 4.59 and 4.66 V, have been
ssociated to the Ni2+ ↔ Ni3+ and Ni3+ ↔ Ni4+ couples, respec-
ively [32]. Alcántara et al. [17] have also observed two peaks
uring the charge of the LiNi0.4Co0.2Mn1.4O4 spinel, and by ex
itu X-ray diffraction studies they ascribed these peaks to a two
ne-phase topotactic reaction. Some marginal redox activity is
bserved around 4 V, which is related to very small amounts of

n3+ in the sample. For the spinel at Y = 0.25, the two peaks at
≈ 4.6 V are still observed, but they have lower intensity, and

re broader than those of the sample at Y = 0.45. Moreover, a
houlder at higher potential, E ≈ 4.9 V, appears. On decreasing

F
6
Y

b) �Li+ insertion degree vs. Ni-content in LiNiYCo1−2YMn1+YO4. Solid line is
guide to the eye; dotted lines correspond to the expected �Li+ assuming that
nly the Co4+/Co3+or Ni4+/Ni2+ reactions take place.
ig. 6. Plot of �Q/�E vs. V for the LiNiYCo1−2YMn1+YO4 spinels heated at
00 ◦C for 6 h. Dash dot line, Y = 0.45; dot line, Y = 0.25; thick straight line,
= 0.1 and thin straight line, Y = 0.05.
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igher potentials than the Ni2+/Ni4+ [6,27,30], and taking into
ccount that our samples are active in the 5 V region, the new
eaks at 4.8 V are ascribed to the former redox reaction. The
loping shapes of the curves and the increase of the average
edox potentials observed for the richest Co-doped samples can
e explained by the overlapping of the Ni2+/Ni4+ and Co3+/Co4+

eactions.
The cycling performance test of LiNiYCo1−2YMn1+YO4

pinels has been carried out cycling the cells at 0.5C/C
harge/discharge rates (voltage window of 3.4–5.2 V). As an
xample, in Fig. 7 a selection of charge/discharge curves
ecorded during cycling of the Y = 0.45 and 0.1 spinels
ave been plotted. It is observed that the capacity of
he LiNi0.45Co0.1Mn1.45O4 decreases smoothly from 129.7
o 104.6 mAh g−1 for the 50th cycle, but the capacity of
he LiNi0.1Co0.8Mn1.1O4 significantly decreases from 91 to
0.6 mAh g−1. This result indicates that LiNi0.45Co0.1Mn1.45O4
as a better cycling behavior that LiNi0.1Co0.8Mn1.1O4. For the
atter spinel a significant drop of the redox potentials with the
ycle number is observed, as well as a dramatic loss of the dis-
harge capacity. It is worth to mention that for the samples with

≤ 0.25 we have had severe difficulties on charging (Fig. 7). In

act, to complete the cycling tests and around the 20th cycle we
ust do the following manipulations: (i) wash inside the dry box

he cathode with the electrolyte and (ii) change the electrolyte-

ig. 7. Discharge curves vs. cycle number for the LiNi0.45Co0.1Mn1.45O4

Y = 0.45) and LiNi0.1Co0.9Mn1.01O4 (Y = 0.1) spinels heated at 600 ◦C for 6 h.
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ig. 8. Variation of the discharge capacity vs. cycle number for LiNiYCo1−2Y

n1+YO4 spinels heated at 600 ◦C for 6 h. (©, Y = 0.45; , Y = 0.25; ♦, Y = 0.1
nd �, Y = 0.05.)

oaked separator and the lithium foil. The re-assembled cells
ould be then cycled again, demonstrating that the drastic capac-
ty loss was not caused by degradation of the spinel active

aterial. This point was also confirmed by recording the X-
ay pattern of the charged cathode after the cycling studies. The
attern was practically identical to the one recorded for the pris-
ine material. The larger capacity values of charge compared
o discharge (Fig. 5a) indicates that some degradation of the
lectrolyte takes place at the high anodic potential used. This
egradation appears to be enhanced by increased Co-content.

The variation of the discharge capacity versus cycle number
or LiNiYCo1−2YMn1+YO4 spinels is plotted in Fig. 8. The
esults reveal that the cycling behavior remarkably depends
n composition. On increasing the Ni-content, the capacity
etention up to the 50th cycle notably rises from 24.6% for
= 0.05 to 80.6% for Y = 0.45. The low capacity retention of

he samples with Y ≤ 0.25 occurs even after washing of the
athode and changing of the lithium foil and the electrolyte.
he poor cycling behavior of the latter spinels shows that

hey are not adapted to be used in practical applications.
evertheless, the LiNi0.45Co0.1Mn1.45O4 has a high starting

apacity (Qdisch. = 129.6 mAh g−1) and a small capacity loss
uring cycling. The cyclability, determined from the slope of the
tted straight line of Qdisch.(mAh g−1) versus E(V) was 99.59%
er cycle. This value evidences the good reversibility of the Li+

e-/insertion reactions in this spinel, and it is close to previously
eport by us for LiNi0.5Mn1.5O4 synthesized at 800 ◦C by the
ame combustion-aided method [22] and remarkably superior
o the reported for undoped LiMn2O4 [33]. The capacity of
he 600 ◦C-treated LiNi0.45Co0.1Mn1.45O4 is higher than the
eported for the LiNi0.4Co0.2Mn1.4O4 annealed at 700 ◦C [17],
ven at the fast discharge conditions used in this work.

We have analyzed the rate capability of the
iNi0.45Co0.1Mn1.45O4 heated at 600 ◦C between 0.5 and
4C discharge current. In Fig. 9, the evolution of discharge

apacity versus current is displayed. It is worth to remark
hat the starting capacity is retained even at current as high
s 1C. For 2C current, i.e. for a theoretical discharge time of
nly 30 min, the capacity is 111.8 mAh g−1, that is 86% the
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ig. 9. Evolution of discharge capacity of the LiNi0.45Co0.1Mn1.45O4 spinel
eated at 600 ◦C for 6 h vs. intensity current.

nitial capacity. These results show the high rate capability of
iNi0.45Co0.1Mn1.45O4 that can be explained by the nanometric
ize of the particles of the active material synthesized by the
ucrose-aided combustion method (Fig. 4). The progressive
ncrease of the current provokes a decrease of the capacity; for
C rate the capacity is 20 mAh g−1.

After discharge at 14C, the cell was cycled again at 0.5C rate.
t this low current, the capacity notably increases, attaining a
alue of Q = 121 mAh g−1, which is very close to the starting
ne (Fig. 5a). This result shows that the capacity loss at very
igh currents is not caused by deterioration of the spinels itself,
ut due to kinetics limitations that are noteworthy when very
ast discharge rate are used.

. Concluding remarks

The sucrose-aided combustion method is very appropriate for
he synthesis of spinel double substituted LiNiYCo1−2YMn1+YO4
athode materials. It is very simple, not expensive, and affords
anosized materials with good electrochemical properties. The
attice parameter of the “as prepared” spinels increases on
ncreasing the nickel content Y, and decreases along the thermal
reatment at 400 and 600 ◦C. Annealing at 600 ◦C for 6 h yields
ure and stoichiometric spinels with ≈20 nm particle sizes. The
iNi0.45Co0.1Mn1.45O4 spinels synthesized by this method has a
ery high redox potential, E = 4.6 V, elevated capacity and spe-
ific energy, Q = 129.6 mAh g−1 and 596.2 Wh K g−1, respec-
ively; a cyclability of 99.6% per cycle, and retains the capacity
p to 1C rate. All these characteristics make this spinel very
ttractive for use as positive electrode in Li-ion batteries for
igh power devices such as the electric vehicle.
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