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bstract

Spinels of composition LiMYMn2−YO4, M = Cr3+, Co3+, or Ni2+, Y = 0.1 and 1 for the Cr and Co dopants, Y = 0.05 and 0.5 for the Ni sample, have
een synthesized by a sucrose-aided combustion method. The samples as prepared require of an additional thermal treatment at 700 ◦C, 1 h to get
toichiometric single-phase spinels. The samples consist of aggregated particles of small size (45–50 nm) as deduced from transmission electron
icroscopy and X-ray powder diffraction. The electrochemical behaviour of the six spinels as cathodes in lithium cells has been analysed at 5 and
V under high current, 1 C rate. At 5 V the discharge capacity of LiNi0.5Mn1.5O4 is higher than the one shown by LiCrMnO4 and LiCoMnO4, and

t shows an elevated cyclability, i.e. capacity retention of 85.3% after 100 cycles. At 4 V the discharge capacity is similar for LiNi Mn O ,
0.05 1.95 4

iCr0.1Mn1.9O4 and LiCo0.1Mn1.9O4, and all the three spinels show similar and very high cyclability, i.e. capacity retention >90% after 100 cycles.
he spinels preserve their starting capacity up to currents as high as 2 C rate. The nanometric size of the samples explains the high rate capability
f the synthesized spinels.

2007 Elsevier B.V. All rights reserved.

LiMn

c
r
d
d

a
h
o
w
A
c
t
C

eywords: Lithium battery; Cathode material; Spinel; 4 V and 5 V electrodes;

. Introduction

Recent trends in Li-ion batteries are focused on the devel-
pment of active electrode materials with high energy density
nd elevated rate capability [1–4]. Regarding the cathode
aterials, LiMn2O4-based materials with general formula
iMYMn2−YO4, are promising candidates because their high
oltage, low cost and satisfactory environmental friendliness
5–7]. In addition, notable improvement of the 4 V reversible
apacity has been achieved by doping with small amounts
Y ≤ 0.2) of several ions, i.e. by substituting a part of Mn by
ther metal cations [8,9]. On the other hand, doping also allows
ncreasing the working voltage from 4 to 5 V, and consequently

he energy density [10,11]. This effect is particularly significant
or high dopant content, e.g. Y = 1 for M3+ dopants or Y = 0.5 for

2+ one. Since, in LiMn2O4-based electrodes the Li+ diffusion

∗ Corresponding author.
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2O4; LiNi0.5Mn1.5O4

oefficient is low [12], the most realistic option to get an elevated
ate capability is to use nanosized materials that if are properly
oped both objectives, elevated rate capability and high energy
ensity can be attained.

We have recently developed a new, cheap and rapid sucrose-
ided combustion method, which is adequate for preparing
omogeneous nanosized materials [11,13]. This method is based
n the reaction of the preset amounts of Li, Mn, and M nitrates,
hich act as oxidants, and sucrose, which operates as fuel.
imed to synthesize LiMn2O4-based spinels with high rate

apability, i.e. with small particle size, we have undertaken
he synthesis of several low-doped LiMYMn2−YO4 (M = Cr,
o, Y = 0.1 and Ni, Y = 0.05) and high-doped LiMYMn2−YO4

M = Cr, Co, Y = 1; Ni, Y = 0.5) spinels by this combustion
ethod. All the synthesized samples have been structural and
orphologically characterized, and with these samples cath-
des have been processed. The discharge capacity and the
ycling behaviour at 5 and 4 V have been studied. We have also
ssessed the rate capability in a broad current range, from C/2
o 6 C.

mailto:amarilla@icmm.csic.es
dx.doi.org/10.1016/j.jpowsour.2007.06.056
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dral 8a sites by heavy atoms is 0.32 for the as-prepared sample.
After heating at 700 ◦C (Fig. 1d) the intensity of the mentioned
(2 2 0) peak decreases, and the occupancy by heavy atoms drops
to 0.13. For the 700 ◦C-heated LiCrMnO4 and LiNi0.5Mn1.5O4
J.M. Amarilla et al. / Journal of P

. Experimental

Samples of composition LiCr0.1Mn1.9O4, LiCo0.1Mn1.9O4,
iNi0.05Mn1.95O4, hereafter referred as LD-spinels, and
iCrMnO4, LiCoMnO4, and LiNi0.5Mn1.5O4, named as HD-
pinels, were obtained following the procedure reported
lsewhere [13]. Preset stoichiometric amounts of reagent grade
i(I), Mn(II), Cr(III), Co(II) or Ni(II) nitrate were dissolved in

he minimum amount of distilled water, and the fuel (sucrose)
as then added to the solution. After slow evaporation at 120 ◦C
voluminous foamy mass was obtained. Then it spontaneously
urned and transformed into a black sponge-like fluffy product.
he as-prepared samples were additionally heated at 700 ◦C,
h in still air at 2 ◦C min−1 heating/cooling rate. X-ray diffrac-

ion patterns (XRD) were recorded at room temperature in a D8
ruker diffractometer, with CuK� radiation. The patterns were
btained in the step scanning mode at 0.02◦ (2θ) and 1 s step−1

ounting time, within the range 15◦ ≤ 2θ ≤ 80◦. Lattice param-
ter was refined with the CELREF program [14]. The average
rystallite size, D, was calculated from the full width at half
aximum (FWHM) of several diffraction lines by applying the
cherrer equation D = λ/β cos θ; where λ is the wavelength of

he X-rays, θ is the diffraction angle, and β =
√

(β2
m−β2

s ) is
he corrected FWHM, where βm is the observed FWHM of
he experimental diffraction peaks, and βs is the FWHM of
he diffraction peaks of LiNi0.5Mn1.5O4 previously heated at
000 ◦C, used as standard.

Transmission electron (TEM) micrographs and electron
iffraction (ED) patterns were taken in a JEOL 2000 FX micro-
cope operating at an acceleration voltage of 200 kV. The
amples were dispersed in n-butyl alcohol. Drops of the dis-
ersion were transferred to a holey carbon-coated copper grid.

Charge/discharge galvanostatic experiments were carried out
ith an Arbin battery tester system (BT2043). The voltage range
as 3.4–5.2 V. The temperature was kept at 25.0 ± 0.2 ◦C. The

xperiments were carried out at 0.5 C rate in charge and at
C rate in discharge. The positive electrodes were compos-

tes, which were processed from the already mentioned spinels
≈20 mg or 72 wt.%), MMM Super P carbon black (17 wt.%)
nd PVDF (11 wt.%) These contents were chosen in accordance
ith those reported elsewhere [15]. The N-methylpyrrolidinone

1 mL g−1 of PVDF) was added to the mixture of the three
omponents, and they were stirred overnight. The solvent was
vaporated at 80 ◦C. Then cylindrical pellets (12 mm diame-
er and ≈0.2 mm thickness) of positive electrode were obtained
fter cold pressing at 370 MPa. The electrolyte, 1 M solution of
iPF6 in ethylene carbonate and dimethyl carbonate as supplied
y Merck, was impregnated into a separator Whatman BSF80
aper. The negative electrode was a lithium foil, which also oper-
ted as reference electrode. The two electrodes and the separator
ere assembled in Swagelock®-type cells, within a glove box

n which the water content was below 1 ppm. Rate capability

esting was performed by discharging the cells at rates ranging
rom 0.2 to 6 C and at 25.0 ± 0.2 ◦C. Charge rate was 0.5 C in
ll cases except for 0.2 C for which both charge and discharge
rocesses were developed at 0.2 C rate.
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. Results and discussion

.1. Structural and morphological characterization

The XRD patterns of the samples with composition
iMYMn2−YO4 (M = Co, Y = 0.1 and 1) are shown in Fig. 1a–d.
he patterns have been recorded on the samples as prepared, and
n these samples after heating at 700 ◦C, 1 h. This temperature
as been chosen in accordance with results obtained on some
thers as-prepared spinels [16]. In all patterns we see the char-
cteristic diffractions peaks of the spinel-type structure. In the
attern of the as-prepared Co-sample at Y = 0.1 (Fig. 1a) we also
ee some extra peaks ascribed to Mn3O4 (asterisks marked). This
mpurity is always present in all the as-prepared samples with
ow dopant content, i.e. LiCr0.1Mn1.9O4 and LiNi0.05Mn1.95O4
not shown). After heating at 700 ◦C the Mn3O4 peaks disappear
rom the XRD patterns, and the patterns of the 700 ◦C-heated
amples only show the typical peaks of the spinel-type struc-
ure (see Fig. 1b for the LiCo0.1Mn1.9O4 sample). The XRD
attern of the as-prepared Y = 1 Co-doped sample only shows
he spinel peaks (Fig. 1c). In it we clearly see the (2 2 0) peak at
θ ≈ 31◦, which is associated with the presence of heavy cations
n tetrahedral 8a sites of the spinel-type structure (S.G. Fd3m).
ietveld refinement revealed that the occupancy of the tetrahe-
ig. 1. X-ray powder diffraction patterns recorded for the LiCoYMn2−YO4

pinels: (a) Y = 0.1 as prepared; (b) Y = 0.1 heated at 700 ◦C, 1 h; (c) Y = 1
s-prepared, (d) Y = 1 heated at 700 ◦C, 1 h; (e) 700 ◦C-heated LiCrMnO4; (f)
00 ◦C-heated LiNi0.5Mn1.5O4 (*Mn3O4).
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Table 1
Cubic lattice parameter and crystallite size determined for the 700 ◦C-heated
LiMYMn2−YO4 spinels synthesized by the sucrose-aided combustion procedure

Composition Lattice parameter a (Å) Crystallite size* (nm)

LiCr0.1Mn1.9O4 8.2413(5) 48
LiCrMnO4 8.2021(6) 50
LiCo0.1Mn1.9O4 8.229(2) 45
LiCoMnO4 8.067(1) 45
LiNi0.05Mn1.95O4 8.2426(5) 47
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potential region no noticeably degradation of the electrolyte
during charge takes place.

The values of the first discharge capacity, Q, are summarized
in Table 2. In the 5 V region and, according to the electrochem-
iNi0.5Mn1.5O4 8.1782(4) 47

* Determined from the Scherrer equation.

pinels the (2 2 0) peak is not observed in the corresponding XRD
atterns (Fig. 1e and f). On the other hand, the thermal treat-
ent of all samples gives rise to a narrowing of the XRD peaks

see Fig. 1a–d as example). The crystallite size increases from
20 nm for the as-prepared samples, to ≈50 nm for the 700 ◦C-

eated samples. It is also worth to mention that the pattern of
he 700 ◦C-heated LiNi0.5Mn1.5O4 does not show any peaks
scribable to NiO or LixNi1−xO (Fig. 1f), impurities generally
bserved when the sample is synthesized by other soft-chemistry
ethods [17–19].
In Table 1, the lattice parameter for the 700 ◦C-heated

iMYMn2−YO4 spinels is given. All the lattice parameters are
maller than the one reported for LiMn2O4, a = 8.24762(16) Å
35-0782 JCPDS file]. For the Cr- and Co-doped spinels it can
e accounted for having in mind the smaller ionic radii, VICr3+

0.615 Å) and VICo3+ (0.545 Å), compared to the ionic radius
f VIMn3+ (0.645 Å) [20] to which the former two cations are
ubstituted for. Based on this, the Cr and Co HD-spinels have
maller lattice parameter than the LD-spinels. Regarding the Ni-
oped spinel, and in spite of the ionic radius of VINi2+ (0.69 Å),
he simultaneous formation of VIMn4+ (0.53 Å) on substituting

n3+ by Ni2+ to keep the electroneutrality of the compound,
ccounts for the shrinkage of the lattice.

TEM micrograph and ED pattern of the 700 ◦C-heated
iCr0.1Mn1.9O4 are shown in Fig. 2. We see aggregated individ-
al particles rather uniform in size. The particle size distribution

s shown in the joined histogram fitted to a Gaussian curve. The
verage particle size is 45 nm, which agrees with the crystal-
ite size deduced from XRD (48 nm, Table 1). It is so because
he particles are single crystals, as evidenced by the ED pattern,

ig. 2. TEM image, ED pattern, and particle size histogram of the 700 ◦C-heated
iCr0.1Mn1.9O4 spinel.
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t
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hich exhibits a typical spinel diffraction pattern in the zone axis
0 1 1]. Moreover, it is worth to note that the particle size (or crys-
allite size) of the 700 ◦C-heated Cr, Co, and Ni spinels is similar,

50 nm. Then it follows that the sugar-aided combustion proce-
ure developed by us is a powerful synthesis method that allows
reparation of single-phase LiMn2O4-based spinels with similar
anometric particle size, and of any chemical composition.

.2. Electrochemical behaviour

Electrochemical studies were performed on the 700 ◦C-
eated LiMYMn2−YO4 spinels. The charge/discharge curves
btained in the 5 and 4 V potential regions for the HD- and
D-spinels, respectively, are shown in Fig. 3. In the 5 V region

he discharge curve recorded for the LiNi0.5Mn1.5O4 sample
hows two plateaus at 4.59 and 4.66 V that have been associated
ith the Ni2+ ⇔ Ni3+ and Ni3+ ⇔ Ni4+ couples, respectively

21]. The discharge curves recorded for the LiCrMnO4 and
iCoMnO4 spinels are similar, and more sloping than the one

ecorded for the Ni sample. For the two samples, the charge
apacity is significantly higher than the discharge one. This
esult points to some degradation of the electrolyte due to the
igh potentials attained at the end of the charge stage. In the
V region the charge/discharge curves of the LiCr0.1Mn1.9O4,
iCo0.1Mn1.9O4 and LiNi0.05Mn1.95O4 spinels have a similar
hape, showing the usual two plateaus developed at 4.1 and 4.2 V
n charge, and 3.8 and 4 V in discharge (Fig. 3). Moreover, the
harge/discharge capacities are similar indicating that in this
ig. 3. Charge/discharge curves of the 700 ◦C-heated LiMYMn2−YO4 spinels in
he 5 and 4 V regions at 0.5 C charge and 1 C discharge rates.
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Table 2
Discharge capacity (Q), capacity loss by cycle, and capacity retention of the 700 ◦C-heated LiMYMn2−YO4 spinels synthesized by the sucrose-aided combustion
procedure

Composition Q (mA h g−1) 5 V* or 4 V+ Capacity loss (mA h g−1 cycle−1) Capacity retention after 100 cycles (%)

LiCrMnO4 74.4* −9.6 0
LiCoMnO4 74.2* −0.56 25
LiNi0.5Mn1.5O4 139.3* −0.18 85.3
L 95
L 26
L 55
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the pristine material (Fig. 5a). Moreover, the lattice parameter
shrinks, from 8.2021(6) Å determined for the pristine material
(Table 1), to 8.191(1) Å for the cycled sample. These variations
iCr0.1Mn1.9O4 111.0+ −0.0
iCo0.1Mn1.9O4 109.2+ −0.0
iNi0.05Mn1.95O4 113.3+ −0.0

cal reactions:

i+M3+Mn4+O4

→ M4+Mn4+O4 + Li+ + e−(M3+= Cr3+, Co3+)

i+Ni0.5
2+Mn1.5

4+O4 → Ni0.5
4+Mn1.5

4+O4 + Li+ + e−

It should be expected that all the three HD-spinels
ould show similar capacity, Qtheor ≈ 147 mA h g−1. For the
iNi0.5Mn1.5O4, and in spite of the high discharge current cho-
en, 1 C rate, the capacity is 139.3 mA h g−1, which is close to
he theoretical one, 146.7 mA h g−1. This experimental capac-
ty is higher than the one reported for a nanometric spinel
f the same composition [22]. These results suggest that the
iNi0.5Mn1.5O4 synthesized by us has a high rate-capability.
owever, for LiCrMnO4 and LiCoMnO4 the capacities mea-

ured, 74.4 and 74.2 mA h g−1, respectively, are anomalously
mall, nearly half their theoretical values. The low experimental
apacity measured in LiCoMnO4 can be accounted for consid-
ring: (i) the charge process done up to 5.2 V was not sufficient
o complete the extraction of Li+ (Fig. 3) and (ii) the presence
f some heavy cations in the tetrahedral 8a sites of the spinel
tructure, as shown by XRD (Fig. 1d). This occupancy makes
he 8a sites no longer accessible to the Li ions, and consequently
s not possible to extract 1Li+ per formula, as it is assumed in
he electrochemical reaction. Regarding the LiCrMnO4 spinel,
ome degradation of the electrolyte takes place along the charge
rocess (Fig. 3). It hampers to reach a charge potential higher
han 4.9 V, even though several cells were measured. It seems
hat this particular sample promote severe decomposition of the
lectrolyte.

At 4 V, the discharge capacity is practically the same for the
hree LD-spinels (Table 2). It is worth to remark that the values
re very close to the theoretical capacity Qtheor ≈ 133 mA h g−1

educed from the electrochemical reactions:

iM0.1
3+Mn3+

0.9Mn4+O4

→ Li0.1M0.1
3+Mn1.9

4+O4 + 0.9(Li + e)

iNi0.05
2+Mn3+

0.9Mn1.05
4+O4

→ Li0.1Ni0.05
2+Mn1.95

4+O4 + 0.9(Li + e)

The likeness between capacities is coherent given that Mn3+
s the electrochemically active cation in the 4 V region, and the
mount of Mn3+ is the same in the three samples.

The long-term cyclability of the HD- and LD-spinels at
and 4 V, respectively, has also been examined (Fig. 4).

F
h

91.5
97.6
95.1

rom the inspection of the curves, it follows that at 5 V, the
ycling behaviour strongly depends on the dopant cations.
or LiNi0.5Mn1.5O4, the discharge capacity decreases lin-
arly on cycling. The slope of the straight line is small,
0.18 mA h g−1 cycle−1, being the capacity retention of

5.3% after 100 cycles. This capacity retention shows that
iNi0.5Mn1.5O4 has a good cyclability. It is much bet-

er than the one shown by the two other HD-LiMMnO4
M = Cr, Co) spinels. For these latter samples, Q also
ecreases linearly on cycling. However, the slopes determined
or LiCoMnO4, −0.56 mA h g−1 cycle−1, and for LiCrMnO4,
9.6 mA h g−1 cycle−1, are significantly higher in absolute

alue, than the one determined for LiNi0.5Mn1.5O4.
The capacity of LiCrMnO4 becomes zero after only 10 cycles

Fig. 4). To account for this dramatic drop in capacity, the XRD
attern of the 50-cycled LiCrMnO4 was recorded. It shows a
ensible decrease in the intensity ratio of the (1 1 1)/(4 0 0) and
3 1 1)/(4 0 0) diffraction peaks compared to the one observed for
ig. 4. Cycling performance in the 5 and 4 V potential region of the 700 ◦C-
eated LiMYMn2−YO4 spinels at 0.5 C charge and 1 C discharge rates.
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Fig. 6. Variation of the discharge capacity vs. current for several 700 ◦C-heated
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ig. 5. XRD patterns of the 700 ◦C-heated LiMMnO4 spinels: (a) M = Cr; (b)
= Co. The patterns were recorded on the cathode composites before (grey

ine) and after (black line) cycling in the 5 V region.

ndicate that some structural modifications have taken place,
nd it could explain the observed capacity fade that LiCrMnO4
ndergone upon cycling, as has been proposed by Sigala et al.
rom neutron diffraction studies [23].

The cyclability of the LiCoMnO4 is intermediate between
hose shown by LiNi0.5Mn1.5O4 and LiCrMnO4 (Fig. 4 and
able 2). We have analysed the XRD pattern of the 100-cycled
iCoMnO4, but differences neither in intensity nor in position of

he peaks between the pattern of the cycled sample and that of the
ristine one were observed (Fig. 5b). The lattice parameter of the
ample after 100 cycles, a = 8.064(1) Å, is practically identical
o the one determined for the pristine material, a = 8.067(1) Å.
his result indicates that the capacity loss is not justifiable in

erms of structural changes of the LiCoMnO4 spinel. Moreover,
he coulombic efficiency, Qdischarge/Qcharge ratio, is ≈89% by
ycle, indicating that some degradation of the electrolyte takes
lace every charge step, and it could be at the origin of the loss
f capacity on cycling.

In the 4 V region, the long-term cyclability of
he LD-spinels LiCr0.1Mn1.9O4, LiCo0.1Mn1.9O4, and
iNi0.05Mn1.95O4 is similar (Fig. 4). In these samples, a
ery small and near linear decrease of capacity is observed,

slope| ≤0.1 mA h g−1 cycle−1. The retention capacity is very
igh, >90% after 100 cycles (Table 2), and it leads us to
onclude that the cyclability of the LD-spinels is very elevated,
99.9% by cycle; much better than the one shown by the

a
t
T
1

iMYMn2−YO4 spinels. (C ≈3 mA and the potential ranges were: 3.4–5.2 V
or LiNi0.5Mn1.5O4 and 3.1–4.4 V for LiCr0.1Mn1.9O4, LiCo0.1Mn1.9O4, and
iNi0.05Mn1.95O4).

D-spinels. The XRD patterns of the 4 V cycled samples
how that the starting cubic spinels structure remains without
ny modification after 100 cycles. This is an expected result,
onsidering the very good cyclability of the samples. Moreover,
he Ecut-off potentials required for the charge of the LD-spinels,
.4 V, avoids the electrolyte degradation; the coulombic
fficiency is >99.5% by cycle.

The rate capability of the samples has been determined eval-
ating the variation of the discharge capacity versus current
Fig. 6). All the samples analysed show similar behaviour, and
wo regions can be distinguished: (i) one region up to 2 C rate, in
hich capacity remains almost constant and (ii) another region

bove 2 C rate, in which the capacity decreases linearly on
ncreasing the current due to kinetic limitations. The likeness
n behaviour shows that the rate capability does not depend on
he dopant cations. The similitude of the rate capability can
e related with the comparable particle size of the samples
Table 1). It is worth to note that the analysed spinels exhibit
remarkable rate capability that can be attributed to their nano-
etric particle size.

. Conclusions

The sucrose-aided combustion method is a rapid, cheap,
owerful, and straightforward synthesis procedure that yields
iMYMn2−YO4 single-phase spinels, with different dopant
ations (M = Cr, Co and Ni), and in a broad compositional range
0 ≤ Y ≤ 1). In all cases, the samples have nanometric particle
ize, ≈50 nm, as deduced from TEM and XRD. The HD-spinels
re electrochemically active in the 5 V region and the LD-spinels
n the 4 V region. For the former, the cyclability depends strongly
n the dopant cation, while for the LD-spinels the cyclabil-
ty is similar, i.e. does not depend on the dopant cation. The
iNi0.5Mn1.5O4 as well as the three LD-LiMYMn2−YO4 exhibit

n excellent electrochemical performance. The starting capaci-
ies are 139.3 mA h−1 g−1 and ≈110 mA h−1 g−1, respectively.
he cyclability is very high, with a capacity retention >85% after
00 cycles. These samples also show a high rate capability, the
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roperties make the synthesized spinels suitable cathodes for
igh energy/high power rechargeable Li-ion batteries.
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