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LiCrayNigs_yMnys_yO4 (0 <Y <0.2) spinels have been synthesized by a sucrose-aided combustion method.
Two sets of Cr-doped samples have been obtained by heating the “as-prepared” samples at 700 and 900 °C
for 1 h. X-ray diffraction and thermogravimetric data show that pure and single phase spinels with similar
lattice parameter have been synthesized. The homogeneity and the sub-micrometric particle size of the
spinels have been shown by SEM and TEM. The main effect of the temperature is to increase the particle
size from ~50 to ~500 nm, on heating from 700 to 900 °C. The study of the influence of Cr-dopant content
and thermal treatment on the electrochemical properties at 25°C and at 55°C has been carried out by
galvanostatic cycling in Li-cells. The discharge capacity (<130 mAh g-') does not noticeably change with
the synthesis conditions; but the cycling performances are strongly modified. Key factors that control

Keywords:
Lithium battery
5V electrode

Cathode
LiMn,04 the cycling performances have been determined. The most highlighted result is that spinels heated at
Spinel 900°C with Y <0.1 have very high capacity retention at 55 °C (>96% after 40 cycles, cyclability >99.9% by

LiNig5sMny504 cycle) indicating that metal doping is a new approach to prepare 5V LiNipsMn;505-based cathodes with

excellent cycling performances at high temperature.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

LiMn,04-based spinels are fairly attractive positive electrode
(cathode) materials because they have remarkable advantages
compared to the layered LiCoO, oxide widely used in commer-
cial Li-ion batteries [1-4]. Among them, the most remarkable are:
low cost, natural abundance of manganese ores, and environ-
ment friendliness. Mainly due to these advantages, LiMn,; O4-based
spinels are one of the best candidates as cathodes in large-size Li-
ion batteries for applications as hybrid and electrical vehicles [5,6].
Nevertheless, the stoichiometric LiMn, 04 spinel shows large capac-
ity fade during cycling [1,7,8], being it especially unacceptable at
high temperature (T~ 55 °C) [9,10]. The capacity fade mechanism
of LiMn, O4-based cathodes is very complex because it depends on
several factors, which usually operate at the same time. The most
important are: (i) the structural transition due to Jahn-Teller distor-
tion at the end of discharge [11,12], (ii) the slow dissolution of the
spinel in the electrolyte [7,10,13,14], and (iii) the oxidation of the
organic-based electrolyte on the electrode at the high potentials
achieved at the end of charge [15-17].
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It has been widely demonstrated that the cycling performances
of LiMn,04 can be notably improved by doping with metallic
cations (M =Li*, Ni2*, Cr3*, Co3*, ...) which substituted the Mn3*
in the 16d octahedral sites of the spinel structure [7,18-21]. More-
over, Sigala et al. [ 18], showed for the first time that doping with Cr3*
leads to spinels in which a new electrochemical process at higher
potential (E~4.9V) ascribed to Cr3*/Cr** redox couple, was devel-
oped. Since then, many research groups have reinvestigated the
LiMyMn;_yO4-doped spinels with the aim of developing new 5V
cathodes for Li-ion batteries [19,22-24]. The increase of cell voltage
is very attractive because it allows raising the electric energy stored
in the battery. Nowadays, these 5V cathodes are being combined
with anodes working at E>1V in order to assemble safer batteries
[25,26].

Zhong et al. [19] first showed that LiNig5Mn504 spinel was
able to de-/inserted Li* in the 5V region (E~4.7V). Since then,
this material has been the most studied 5V spinel-based cath-
ode. In fact, development of LiNiy 5 Mnq504-based cathodes is one
of today’s most important topics in Li-ion batteries [23,27-30].
Several studies have shown that the oxidation state of nickel
in the LiNipsMni504 spinel is Ni2* [29], and the Li* extrac-
tion/insertion take place in two steps assigned to Ni2*/Ni3* and
Ni3*/Ni#* redox reactions [31]. The most remarkable advantage of
LiNig5sMn; 504 is its high cyclability. In fact, it is notably higher
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than the one shown by other 5V LiMyMn,_yO,4 spinels [24]. The
cyclability of LiNig5Mn;504 at room temperature can be even
improved by doping [32-35] or optimizing the synthesis condi-
tions [19,36,37]. Unfortunately, when cycling is carried out at 55 °C,
the LiNig 5Mnq 504 shows a severe capacity fading that prevents its
practical use [12,38]. Many efforts have been done to solve this
drawback being the coating of LiNig 5sMn; 504 particles with some
metal oxides the most explored way [12,39].

To the best of our knowledge, the effect of metal doping on
the severe capacity fade of the LiNig sMn;504 spinel at high tem-
perature has not been studied yet. To perform this study, we
have synthesized several Cr-doped spinels with general formula
LiCryyNig5_yMnq5_yO4 (0<Y <0.2). To maximize the 5V capacity
simultaneous substitution by Cr3* for Ni2* and Mn** has been done.
The spinels have been synthesized by a sucrose-aided combustion
method. This is a very useful method which offers good sample
homogeneity, reduced the heat-treatment conditions, and allows
synthesizing samples with small particle size [24]. Two sets of sam-
ples have been prepared by thermal treatment at 700 and 900 °C of
the spinels obtained by the combustion method. The influence of
Cr-content and heating temperature on the electrochemical prop-
ertiesat25°Cand at 55 °Chas been studied. Experiments focused to
determine the factors that control the cycling performances have
been also carried out. Finally, the electrochemical performances
of our spinels are compared with selected doped and undoped-
LiNip5Mn 505 spinels reported in the literature.

2. Experimental/materials and methods

LiCryyNig5_yMnq5_yO4 (Y=0.05, 0.1, 0.15 and 0.2) spinels have
been synthesized by the sucrose-aided combustion method, from
reagent grade Li(I), Cr(III), Ni(II) and Mn(II) nitrates, which act as the
oxidants, and sucrose (C12H3,011) as fuel. Stoichiometric amounts
of Cr, Ni and Mn have been used; while a small excess of Li (5%) were
used in order to compensate possible volatility during heating. After
optimization of the combustion process, the mol number of sucrose
chosen was 3/4. The reaction can be described as follows:

LiNO3 +(2Y)Cr(NO3)3-9H,0 + (0.5 —Y)Ni(NO3),-4H,0
+(1.5-Y)Mn(NO3),-4H,0 + 3/4C13H2,011
— LiCryyNig 5_yMny 5_y04 + gaseous byproducts

Preset volumes of 1 M solutions of the corresponding metal M™*
nitrates (M =Li*, Cr3*, Ni2*, Mn2*) were mixed. Sucrose was dis-
solved in the minimum amount of distilled water, and it was added
to the nitrates solution. The solution was heated at ~100°C, and
when dried it starts to swell up due to the evolution of gases gen-
erated in the thermolysis of the reagents, giving way to a foamy
mass. Then, the temperature was increased at ~140 °C. After a few
minutes, the mass starts to burn up spontaneously without flame.
The product of the reaction (“as-prepared” sample) is a very light
and downy black powder. In order to prepare spinels with different
particle size, the “as-prepared” samples were heated at 700 and
900°C, 1h in still air at 2°Cmin~! heating/cooling rate. Hereafter,
the samples heated at 700 and 900°C will be referred to SAC700
and SAC900, respectively.

The purity and particle size of the samples were studied by X-
ray powder diffraction (XRD). X-ray patterns were recorded at room
temperature in a Bruker D8 diffractometer, with Cu K« radiation.
The patterns were obtained in the step scanning mode at 0.04° (20)
step and 2 sstep~! counting time, within the range 15° <26 < 80°.
Lattice parameters were refined with the CELREF program [40].
For SAC700 samples, the coherent crystallite domain has been cal-
culated from several diffraction lines from the Scherrer formula:

D=(A/B)cosH, where A is the wavelength of Cu Ko =1.54186A,
0 is the diffraction angle, and 8 = \ﬂﬂﬁ, — B2) is the corrected
halfwidth of the diffraction peaks, where B, is the observed
halfwidth of the experimental diffraction peaks, and fs is the
halfwidth of the diffraction peaks of a standard sample, in our case
the SAC900 sample with Y=0.2.

Differential (DTA) and thermogravimetric (TG) analysis were
carried out simultaneously with a DTA/TG Stamton STA 781 instru-
ment up to 1000°C in still air, and 10°C min~! heating/cooling rate.
About 50 mg of sample was used in each run, and a-Al,03 was the
inert reference.

The morphology and the particle size of the samples were stud-
ied by scanning and transmission electron microscopy (SEM and
TEM, respectively). SEM images were obtained in a JEOL JSM-5500
microscope. The samples, as powder, were covered with carbon by
sputtering. TEM micrographs were taken in a JEOL 2000FX electron
microscope operating at an acceleration voltage of 200 kV. The sam-
ples were dispersed in n-butyl alcohol, and drops of the dispersion
were transferred to a holey carbon-coated copper grid.

The study of the dissolution of LiCryyNigs_yMnj5_yO4 spinels
in the 1M LiPFg (EC/DMC) electrolyte was performed by soaking
80 mg of the samples in 10 ml of the electrolyte. The experiments
were carried out in hermetic flasks into a dry box for 25 °C, and in
hermetic flasks into a Buchi furnace for 55 °C. After 1 week, the solid
and the electrolyte were separated by centrifugation at 6500 rpm
for 15 min. The quantitative analysis of Cr, Ni and Mn cations dis-
solved in the electrolyte was performed by total-reflection X-ray
fluorescence (TXRF). The TXRF spectra were recorded in a Slif-
ert EXTRA-II spectrometer (Rich Seifert, Ahrensburg, Germany)
equipped with a tungsten X-ray fine line and a Si(Li) detector with
an active area of 80 mm? and a resolution of 157 eV at 5.9 keV (Mn,
Ka). For the TXRF analysis, 2 1 of the solution was placed on a flat
quartz carrier. The organic solvents were evaporated at 100°C to
obtain a solid homogeneous film.

The study of the electrochemical properties of the
LiCryyNig 5_yMn5_yO4 spinels was performed in a two-electrode
lithium cell. Positive electrode composites containing ~20 mg of
spinel powder (72wt.%), MMM Super P carbon black (17 wt.%),
and poly(vinylidenefluorine-co-hexafluoropropylene) Kynar Flex®
2801 (PVdF-HFP, 11 wt.%) were made by suspending the powders
in acetone as fugitive solvent. The percentages were chosen
according to Reference [41]. Cylindrical pellets (12 mm diameter
and ~0.2 mm thickness) of positive electrode were obtained after
cold pressing at 370 MPa. The negative electrode was a lithium foil,
which also operated as reference electrode. The electrodes were
separated by a Whatman BSF80 paper soaked in the electrolyte,
which was a 1M solution of LiPFg in ethylene carbonate and
dimethyl carbonate (1:1, v/v) as supplied by UBE Europe GmbH.
The components were assembled into a two-electrode Swagelock®
cell within an argon glove box in which water content was kept
below 1 ppm. The cell was galvanostatically cycled at 254+0.5°C
in the voltage range of 3.4-5.2V at 0.5C/1C charge/discharge rates
with an Arbin battery tester system (BT2043). C is the capacity of
the cathode in mAh calculated from the theoretical capacity of the
LiCryyNig 5_yMny5_yO4 spinel and the mass of spinel used in the
composite. The coefficients of C rate are the inverse of the theoreti-
cal charge/discharge time expressed in hours. The electrochemical
performances of the SAC900 samples at high-temperature were
also determined. CR2032 coin cells were galvanostatically cycled
at 0.5C/1C charge/discharge rate in the 3.4-5.2V potential range
at 55+1°C in a Buchi furnace. Measurements were carried out
at least twice in order to guarantee the reproducibility of the
electrochemical data. Electrochemical impedance of the cells
was measured on IM6ex Electrochemical Workstation at room
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Fig. 1. X-ray diffraction patterns for the “as-prepared” LiCrayNigs_yMnjs_yO4
(0<Y<0.2).

temperature. The amplitude of ac voltage was 5mV, and the
cells were measured at a constant potential after the appropriate
equilibration. The frequency range was from 0.1 Hz to 100 kHz.

3. Results
3.1. Structural characterization

The X-ray patterns of the “as-prepared” LiCryyNig5_yMnjs5_yOy4
samples are shown in Fig. 1. It is observed that all patterns are simi-
lar, showing broad diffraction peaks. They can be indexed according
to a spinel-type structure in the Fd3m space group. Moreover, no
significant displacements of the diffraction peaks on increasing the
Cr-content (2Y) are observed; and hence, all the “as-prepared” sam-
ples have a similar cubic lattice parameter, ac ~ 8.18 A. The coherent
crystalline domain determined from the Scherrer equation is small
(~9nm) and similar for all the “as-prepared” samples.

The thermal analysis curves of the “as-prepared” samples are
analogous. As an example, TG and DTA curves recorded simul-
taneously for the sample with Y=0.2 are plotted in Fig. 2. A
step and an exothermic peak are observed at ~400°C in the TG
and DTA curves. Both effects, which have been also observed for
other LiNig 5 Mnq 504-based spinels synthesized by the combustion
method [42], can be ascribed to the removal of some organic amor-
phous impurities not detected by XRD. So, it is necessary to heat
the “as-prepared” samples at temperatures higher than 400°C to
eliminate the organic residues. At T> 700 °C, the decomposition of
the spinel starts off, and a continuous weight loss take place up to at
least 1000 °C. This weight loss is due to oxygen removal [36,43,44].
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Fig. 2. TG (solid line) and DTA (dot line) heating/cooling curves recorded for the
“as-prepared” LiCro4Nip3Mnq304.

The TG curve recorded on cooling shows that the mass lost on
heating is fully regained on cooling.

Two sets of spinels were synthesized heating the “as-prepared”
samples at 700 and 900°C. As an example, the X-ray patterns of
the SAC700 and SAC900 spinels with Y=0.05 and 0.2 are shown
in Fig. 3. The patterns are alike, and there is not any noticeable
displacement of the diffraction peaks either with the increase of
the Cr-content or with the thermal treatment. Every pattern can
be fully indexed in a cubic spinel cell, space group Fd3m. The
nonappearance of the (220) peak at 260~ 30° indicates that there
are no heavy atoms (Mn, Ni, Cr) in the 8a tetrahedral position.
Moreover, it is not observe additional peaks due to crystalline impu-
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Fig. 3. X-ray diffraction patterns for the LiCroyNips_yMns_yO4 samples heated at
700°C (SAC700) and 900°C (SAC900) with Y=0.05 and 0.2.

Cubic lattice parameter and average particle size determined by X-ray diffraction, scanning and transmission electron microscopy for the LiCr,yNigs_yMnys_yO4 spinels

heated at 700 and 900°C

Y in LiCryyNigs_yMnys_yOy4 Thermal treatment Lattice parameter (A)

Average particle size by DRX or SEM (nm) Average particle size by TEM (nm)

0.05 700°C, 1h 8.178(4)
0.1 700°C, 1h 8.174(5)
0.15 700°C,1h 8.173(6)
0.2 700°C, 1h 8.172(4)
0.05 900°C, 1h 8.176(2)
0.1 900°C, 1h 8.1754(5)
0.15 900°C, 1h 8.178(2)
0.2 900°C, 1h 8.1814(5)

28 (£15)2 33 (+9)
31 (+10) 2 -
34 (£18)2 =
34 (£17)2 47 (+£12)
520 (+220) b 578 (+160)
570 (£250) P -
500 (+£275)° =
470 (+350) P 480 (+£147)

2 Average particle size determined by DRX from the Scherrer equation.
b Average particle size determined by SEM.
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Fig. 4. SEM micrographs for the SAC900 samples: (a) Y=0.2; (b) Y=0.1.

rities. Similar results have been obtained for the others SAC700
and SAC900 samples. In consequence, we can conclude that cubic
spinel LiCryyNigs_yMnjs_yO,4 single phases have been synthe-
sized. This is a remarkable result because LiNig5Mn;504 samples
synthesized by other procedures usually have NiO or LixNiO, as
impurities [19,35,45]. The cubic lattice parameter, ac, determined
for the SAC700 and SAC900 samples are summarized in Table 1.
As expected from the likeness on the peak position (Fig. 3), all SAC
spinels have almost the same lattice parameter, ac ~ 8.175 A. Taking
into account the ionic radius of VINi2* =0.69 A, VIMn** =0.53 A and
Vicr3+* =0.615 A [46], the similarity of the lattice parameter can be
explained by the random substitution of 1Ni2* + 1Mn** by 2Cr3* in
the 16d octahedral positions. On the other hand, the fact that the
lattice parameter does not increase with rising the heating temper-
ature seems to indicate that oxygen vacancies, described for many
LiMn,O4-based spinels heated at high temperatures [36,43,47], are
not create for the SAC900 samples or their amount is very low.
This is probably due to the very short thermal treatment time
(1h).

The main difference between the X-ray patterns of the SAC700
and SAC900 samples is the remarkable narrowing of the diffrac-
tion peaks on heating from 700 to 900 °C (Fig. 3). Narrowing could
be explained by an increase of the particle size with raising the
heated temperature. The coherent crystallite domain determined
by the Scherrer formula for the SAC700 spinels is ~50 nm (Table 1).
For the SAC900 spinels, the strong shrinkage of the diffraction
maxima does not allow determining the particle size from X-ray
data.

3.2. Textural and morphological characterization

The morphology and the particle size of the SAC900 spinels have
been investigated by scanning electron microscopy. As an example,
SEM micrographs of samples with Y=0.1 and 0.2 at different mag-
nifications are shown in Fig. 4. The image at lower magnification
(Fig.4a)illustrates the high homogeneity of the spinels synthesized.
At higher magnification (Fig. 4b), it is observed that the particles are
homogeneous, exhibit surface facets and they are not too much sin-
tered. The particle size determined by SEM is outlined in Table 1.
The SAC900 spinels have a similar particle size of ~500 nm; that is,
all they are sub-micrometric.

The evolution of particle size with heated temperature has
been studied by transmission electron microscopy. Fig. 5 shows
the TEM micrographs of the spinels with Y=0.05 and 0.2 heated
at 700 and 900°C. The particle size histograms for the two sam-
ples with Y=0.05, and the best fittings to Gaussian curves are
also drawn. The average particle sizes and the corresponding stan-
dard deviation are summarized in Table 1. The analysis of the data
shows that the main effect of the heated temperature rise is the
remarkable increase of the particle size. In fact, it increases from
33 nm for the SAC700 with Y=0.05 to 578 nm for the correspond-
ing SAC900 one. Nevertheless, it is important to remark that all
LiCryyNig5_yMnq5_yO4 spinels synthesized by the sucrose-aided
combustion method have a small particle size, being it <1 wm. This
is an interesting issue because electrode materials with sub-micron
particle size notably improve their electrochemical properties; for
instance, its rate capability. The small particle size of the samples
could be explained assuming that gases evolved during the com-
bustion cause a spreading out of the reaction mass separating the
particles as shows the spongy morphology of the samples (Fig. 4).
In addition, the spreading out can also help to dissipate the heat
generated during the burning and hence, inhibiting the sintering of
the particles.

3.3. Electrochemical properties

3.3.1. Electrochemical properties at room temperature

The electrochemical properties of LiCryyNigs_yMnqs_yOg4
spinels at 25°C have been determined by galvanostatic studies at
high current (1C discharge rate) in the potential range 3.4-5.2V.
Fig. 6 shows the 2nd charge/discharge curves of the SAC700 and
SAC900 samples with Y=0.05 and 0.2. Similar curves have been
obtained for the others spinels synthesized. The 2nd discharge
capacities (Qq) determined from the galvanostatic curves are sum-
marized in Table 2. It is observed that Q4 values are high and
very close (~125mAhg-1); that is, the discharge capacity does
not noticeably change either with the Cr-content or with the
heated temperature. These results are better than those shown by
LiCoyyNig5_yMny5_yOs spinels for which the capacity decreases
with increasing the Co-dopant content [42]. The likeness observed
for the capacities can be explained assuming the next electrochem-
ical reaction (Eq. (1)).

LiCray>*Nig 5_y?*Mny 5_y**04 <> Cray**Nigs_y*"Mnq 5_y**04
+(Lit+e7) (M

As the molecular weight of the LiCryyNigs_yMnqs_yOg4
(0<Y<0.2)spinels is similar and, regardless the Cr-dopant content,
one Li* /e~ canbe de-/inserted (Eq.(1)); the theoretical capacity (Q;)
for all the spinels must be very close. In fact, Q; only increases from
147.1 to 148.3 mAhg~! for samples from Y=0.05 to 0.2. Moreover,
as the crystalline structure and composition of the spinels does not
change on increasing the heated temperature (Fig. 3, Table 1), the
capacity of the SAC700 and SAC900 spinels must be also similar,
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Fig. 5. TEM micrographs for LiCrp4Nip3Mn;304 heated at: (a) 700°C; (b) 900 °C; and for LiCro1 Nig45Mn.4504 heated at: (c) 700 °C; (d) 900 °C. Histograms: (e) of the sample

shown in ¢, (f) of the sample shown in (d).

as has been experimentally observed (Table 2). From Eq. (1), we
can establish that Cr3* and Ni2* are the cations electrochemically
actives in the 5 V region. This assertion well agrees with results pre-
viously reported [19,29,48,49]. It is worth to remark that even at the
high current used (1C discharge rate), the capacity of the samples
is close to the corresponding theoretical one. This result shows that
all the spinels synthesized by the SAC method exhibit a high rate
capability. This property can be explained by the sub-micron par-
ticle size and the porous texture of the samples synthesized (Fig. 4,
Table 1).

The analysis of the shape of the charge/discharge curves (Fig. 6)
shows that they have a large plateau at ~4.7V (hereafter named
5V region, Qsy >100mAhg-1) and a very small plateau at ~4V
(Qqv <10mAhg1). According to Eq. (1), the large plateau in the 5V
region must be ascribed to Cr3*and Ni2* redox reactions. The small
plateau at ~4V, which is observed in most of the LiNig5Mnq504-
based cathodes [29,33,35,42], is due to the presence of residual
amount of Mn3* in the spinel. A deeply analysis of the curves shows

that the large plateau in the 5V region become more sloping on
increasing the Cr content. To understand this result, we have stud-
ied several spinels by slow cycling voltammetry (0.1 mVs~!). In
Fig. 7, the voltammograms of the SAC900 samples with Y=0.05 and
0.1 are compared. In the 5V region, both samples show three well-
defined peaks at ca. 4.6, 4.7 and 4.8 V in discharge. The intensity of
the peaks at 4.6 and 4.7V decreases on increasing the Cr-content.
As Ni2* and Cr3* are the cations actives in the 5V region (Eq. (1)),
it is reasonably to assign these two peaks to Ni2* redox reactions.
It has been shown that oxidation of Ni2* in LiNig5sMn; 50,4 takes
place in two well-defined steps due to Ni2*/Ni3* and Ni3*/Ni** redox
couples [31]. The third peak centred at 4.8V, for which the inten-
sity increases on increasing the Cr-content, is assigned to Cr3*/Cr#*
redox couple. From the cycling voltammetry data, the increase of
the slope of the 5 V plateau with the Cr-content can be explain by: (i)
the decrease of the intensities of the two Ni2*-peaks, (ii) the simul-
taneous increase of the Cr3*-peak at higher potential, and (iii) the
overlapping of the three peaks. A similar behavior was observed
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The 2nd discharge capacity, lithium insertion degree, capacity retention after 40 cycles (QRt-40), cyclability (cc), and average coulombic efficiency (Cge) determined for the

LiCrayNig5_yMny5_yO4 spinels heated at 700 and 900°C

Y in LiCryNigs_yMnys_yO4 Thermal treatment Cycling 2nd discharge Li* insertion QRt-40 (%) Cyclability Cigr (%)
temperature (°C) capacity (mAhg-1) degree (% by cycle)

0.05 700°C, 1h 25 128 0.87 80.94 99.51 97.92
0.1 700°C,1h 25 123 0.83 81.12 99.50 97.41
0.15 700°C, 1h 25 122 0.82 74.47 99.32 96.6
0.2 700°C, 1h 25 123 0.83 65.93 98.95 95.55
0.05 900°C, 1h 25 127 0.86 99.20 99.99 98.88
0.1 900°C, 1h 25 128 0.87 98.89 99.99 99.09
0.15 900°C, 1h 25 123 0.83 97.40 99.98 98.78
0.2 900°C, 1h 25 132 0.89 93.06 99.80 98.78
0.05 900°C, 1h 55 132 0.90 96.52 99.93 98.84
0.1 900°C, 1h 55 140 0.95 97.03 99.93 98.65
0.15 900°C, 1h 55 129 0.87 92.07 99.76 97.7
0.2 900°C, 1h 55 131 0.88 80.5 99.54 97.84

for LiCoyyNig5_yMny5_yO4 spinels with increasing the Co-dopant
[42].

The study of the cycling performances of the SAC700 and SAC900
spinels at 25 °C has been carried out by cycling test cells at 0.5C/1C
charge/discharge rates in the 3.4-5.2 V voltage region. As an exam-
ple, Fig. 8 shows a selection of charge/discharge curves recorded
during cycling of the LiCrg3Nig 35Mn;3504 (Y=0.15) heated at 700
and 900°C. It is clearly observed that the cycling behavior of both
spinels is different. For the SAC700 sample (Fig. 8a), the discharge
capacity notably decreases from 122 to 92 mAh g1 after 40 cycles;
i.e., it shows a poor cycling performance. In an opposite way, the
reversibility exhibited by the SAC900 sample is very high (Fig. 8b).
In fact, the capacity only diminishes from 123 to 122 mAhg~! (2nd
and 40th cycles, respectively). For the same cycle, when the charge
and discharge capacities (Qc, Qq) are compared, it is observed that
both are similar for the SAC900 sample; nevertheless, Qc is remark-
ably higher than Q4 for the SAC700 spinels. These results are more
clearly observed in Fig. 8c in which variation of Q. and Qg vs. cycle
number has been plotted. Similar results have been obtained for the
other Cr-doped spinels synthesized. That indicate the coulombic
efficiency notably decreases with increasing the heating tempera-
ture.

The evolution of the discharge capacity vs. cycle number for
the SAC700 and SAC900 spinels registered at 25°C is compared in
Fig. 9. The analysis of the plots permits us to assert that the cycling

Cell potential (V)

60 80 100 120 140

Specific capacity (mAhg™)

Fig. 6. The 2nd charge/discharge curves registered at 25°C for the samples with
Y=0.05 and 0.2 heated at 700 °C (open circle and square, respectively), and at 900 °C
(closed circle and square, respectively). Charge/discharge were carried out at 0.5C/1C
rates.

behavior of LiCryNig 5_yMn; 5_yOg4 spinels strongly depends on the
synthesis conditions. From the cycling data we have determined
the capacity retention after 40 cycles (QRt-40) and the cyclability
(cc). This latter has been calculated from the equation Qy, = Q; cct™1)
where Q; and Q, are the discharge capacities for the 1st and
nth cycles, respectively. The values in percentage for QRt-40 and
cc are summarized in Table 2. The SAC700 samples with Y<0.1
show moderate retention capacities (QRt-40~ 81% after 40 cycles)
and they notably decrease with increasing the Cr-content (QRt-
40=65.93% for Y=0.2). For the SAC900 spinels, QRt-40 is >90% in
all cases. Besides, the cyclability of the samples with Y <0.1 is very
high (cc=99.99%). From this cyclability, the cycle life (cycle number
for which Q, =0.8Q1) of the former SAC900 spinels is >2000 cycles.
These results show that SAC900 spinels with Y < 0.1 exhibit excel-
lent cycling performances at 25 °C. In all cases, they are better than
those for SAC700.

3.3.2. Electrochemical performances at 55°C

It was previously indicated that the main drawback of the
LiNigsMn;504 spinel is the severe capacity loss when cycling
is carried out at high temperature (50-60°C) [12,38,45]. In this
way, we have considered essential to study the electrochemi-
cal properties of the SAC900 spinels at high temperature. These
samples have been chosen because they showed the best cycling
performances at room temperature. Fig. 10 compares the 2nd
charge/discharge curves for the SAC900 spinels registered at 55 °C.
All curves are similar, showing the characteristic plateau in the
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Fig. 7. Cyclic voltammograms for the SAC900 spinels with Y=0.05 and 0.2. Potential
sweep speed was 0.1 mVs~! at 25°C.
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4.7V voltage region ascribed to Cr3* and NiZ* redox reactions (Eq.
(1)). Curves are also analogous to those obtained at 25°C (Fig. 6).
The capacity of the SAC900 spinels and the corresponding Li*-
insertion degree (ALi*) determined from the 2nd discharge are
summarized in Table 2. The SAC900 spinels have a high capacity
(Qq~130mAh g~!) being the insertion degree >0.85 Li*. Discharge
capacity does not change with the Cr-content; nevertheless, it is
slightly higher than those at 25°C (Table 2). As the discharge rate
was elevated (1C), the increase of Q4 observed could be explained
by the raise of the Li* insertion kinetics when increasing the cycling
temperature.
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Fig. 9. Evolution of the discharge capacity at 25°C vs. cycle number for SAC700
and SAC900 LiCr,yNigs5_yMny5_yO4 spinels (circle, Y=0.05; triangle, Y=0.1; rhomb,
Y=0.15; square, Y=0.2). Charge/discharge were carried out at 0.5C/1C rates.

The cycling performances at 55°C have been also studied. In
Fig. 11 the variation of discharge capacity vs. cycle number is plot-
ted. The capacity retention after 40 cycles and the cyclability are
summarized in Table 2. The most remarkable result is the excellent
cycling performances of the SAC900 samples with Y <0.1 which
have cyclabilities >99.9%. This result permits us to show that doping
allows preparing 5V LiNig sMn 504-based cathodes with excellent
cycling performances at high temperature. For the SAC900 spinels
with Y>0.1, the cycling performances worsen with increasing the
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Fig. 10. The 2nd charge/discharge curves registered at 55°C for SAC900
LiCrayNips-yMny5_yO4 spinels (circle, Y=0.05; triangle, Y=0.1; rhomb, Y=0.15;
square, Y=0.2). Charge/discharge were carried out at 0.5C/1C rates at 55°C.
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Fig. 12. Capacity retention after 40 cycles vs. Y in LiCrayNig5_yMny5_yO4 for SAC700
samples at 25°C (square), and for SAC900 samples at 25°C (triangle) and at 55°C
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Cr-content, being QRt-40 significantly lower than those determined
at 25°C. We have also determined the coulombic efficiency in per-
cent (Cggr) as the average value of (Q,q x 100/Qnc) for the cycles from
n=10 to 40. The Cgg values for the SAC700 and SAC900 spinel at
25 and 55 °C cycling temperatures are summarized in Table 2. The
analysis of the data shows that the coulombic efficiency remarkably
depends on the synthesis conditions. It increases with decreasing
the Cr-content and/or with raising the heated temperature.

4. Discussion

We were very interested to study the factors that control the
cycling performances of the LiCryyNigs_yMnqs_yO4 spinels. To
achieve this objective we first analyzed the evolution of the capacity
retention (QRt-40) vs. Yin LiCroyNig 5_yMnq 5_yOg4 for the SAC700 at
25°Cand for the SAC900 at 25 and 55 °C. The results in Fig. 12 clearly
reveal that the cycling performances depend on the Cr-content,
thermal treatment and cycling temperature. On increasing the Cr
content, two well-defined regions are observed: (i) for samples
with Y <0.1, QRt-40 remains constant (~81 and ~98% for SAC700
and SAC900 samples, respectively), and (ii) for samples with Y> 0.1,
QRt-40 decreases on increasing the Cr content. Refer to the thermal
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Fig. 13. X-ray diffraction patterns for pellets of the composite cathodes: (a) SAC900
with Y=0.1 before cycling, (b) SAC700 with Y=0.1, and (c) SAC900 with Y=0.1 after
cycling at 25°C; (d) SAC900 with Y=0.05, and (e) SAC900 with Y=0.2 after cycling
at55°C.

treatment; the capacity retention of the SAC900 spinels is always
higher than those of SAC700, even when SAC900 were cycled at
55°C. Nevertheless, the most important results to remark is that
QRt-40 at 25 and 55 °C are very close (~99 and ~97%, respectively)
for the SAC900 spinels with Y <0.1. This result shows again that
doping of the LiNip 5Mn;504 with small amounts of Cr3* (2Y<0.2)
allow synthesizing 5V cathode materials with high cyclability at
55 °C. Thus, we can conclude that doping with chromium cations is
a right way to overcome the severe capacity loss usually described
for LiNig5Mn;504-based cathodes when they are cycled at high
temperature.

It was previously indicated in the introduction that key factors
responsible for the capacity fade of LiMn;04-based cathodes are:
(i) structural transformations happening during cycling [11,12], (ii)
dissolution of the spinel into the electrolyte [7,10,13,14], and (iii)
oxidation of the electrolyte on charging [15-17]. We have ana-
lyzed these factors to realize if they can account for the variation
of cycling performances observed for our LiCryyNigs_yMny5_yOg4
spinels (Fig. 12). To test if some structural modifications happened,
we recorded the XRD patterns of cathodes after cycling. Pellets were
dried but they were not washed to avoid removal of possible pre-
cipitated phases on the pellet surface. As an example, in Fig. 13
the X-ray patterns of several cathodes after cycling at 25°C or at
55°C are compared with this of the pristine LiCrg3Nig4Mny404
heated at 900°C. The patterns of cathodes after cycling are prac-
tically identical among them and to the pristine Y=0.1 spinel. In
fact, no noticeable changes either in the peak positions or in the
peak intensities are observed. Moreover, the nonappearance of the
(220)diffraction peak of the spinel at 260 ~ 30° shows that there are
not displacements of heavy cations to the 8a tetrahedral positions
during cycling as it was described for Cr-doped LiMn;04 [50]. Extra
peaks due to crystalline impurities have neither been observed. All
these results show that LiCryyNigs_yMnys5_yO4 spinels have not
undergone any noticeable structural modification during cycling.
In consequence, this factor is not at the origin of the variation of
capacity retention observed.

Other source of the failure mechanism of LiMn;04-based cath-
odes is the dissolution of the spinel in the electrolyte [7,10,14,49].
Some moisture in LiPFg organic-based electrolytes reacts with PFg~
anions giving way to HF, which is the acid responsible of the spinel
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Fig. 14. TXRF spectra for (a) SAC700 with Y=0.05 (circle) and Y=0.2 (square) after
soaking at 25 °C; (b) SAC700 (circle) and SAC900 (square) with Y=0.2 after soaking
at 25°C and SAC900 Y=0.2 (triangle) after soaking at 55°C.

dissolution[10,15,16]. To study if the LiCr,yNig 5_yMnq 5_yO4 spinels
were dissolved several samples was soaked in the electrolyte at
25°C and at 55°C for a week (see details in Section 2). The Cr, Ni
and Mn concentration were determined by TXRF. As the SAC700
spinels showed the lowest capacity retentions (Fig. 12, Table 2)
several of these samples were used to determine the influence of
Cr-content on the dissolution process. In Fig. 14a, the TXRF spec-
tra of the SAC700 samples with Y=0.05 and 0.2 soaked at 25°C
are shown. In both spectra the Cr-K, Ni-K and Mn-K lines are
observed. It indicates that for the two samples, the three cations
were dissolved from the spinel. The TXRF peak intensities for the
sample with Y=0.05 are smaller (Fig. 14a) showing that dissolution
is lower for this sample. For the SAC700 with Y=0.2, the concen-
tration of manganese, which is the most abundant cation in the
spinel, was 5.0 ppm. Taking into account the sample mass used
(80 mg) the Mn concentration for full dissolution of the spinels was
~3100 ppm; thus, the percentage of manganese dissolved for this
sample was 0.18%. For the sample with Y=0.05, the Mn concen-
tration was only 1.1 ppm; i.e., about five times lower than sample
with Y=0.2. The TXRF analysis shows that the cation dissolution
increases with increasing the Cr-content, and it is one of the causes
that could explain the diminution of QRt-40 observed for the SAC
samples with Y>0.1.

To study the effect of the cycling temperature, we have soaked
several LiCrg4Nig3Mn;304 (Y=0.2) samples at 25°C and at 55°C.
The corresponding TXRF spectra are plotted in Fig. 14b. In both
cases the K-lines of the three cations are observed showing that
spinels dissolution also occurs at high temperature. In fact, the
TXRF peak intensities of the SAC900 sample soaked at 55 °C are the
highest indicating that spinel dissolution is larger at high temper-
ature. For instance, Mn concentration in the electrolyte increases

from ~5 ppm for the samples soaked at 25°C to 65.8 ppm for the
SAC900 spinel at 55°C; so, the Mn dissolution percentage rises
from ~0.15 to 2.1%, respectively. Nevertheless, the comparison of
the cycling performances shows that QRt-40 for the SAC700 sam-
ples at 25°C s always lower than those of the SAC900 spinels, even
when these latter are cycled at 55 °C (Fig. 12). These results clearly
indicate that, albeit the dissolution of the spinel is a significant fac-
tor, it is not the main cause to manage the cycling behavior of the
LiCryyNig5_yMn5_yO4 spinels. Lack of correlation between dis-
solution data and cycling performances showing that the spinel
dissolution it is not the sole factor responsible of capacity fade in
LiMn;04-based electrodes has been previously reported [21].

The oxidation of the electrolyte at the high potentials reached at
the end of charge has been proposed as another factor responsible
for the capacity loss of LiMn,04-based cathodes [16,17]. Electro-
chemical impedance spectroscopy (EIS) is a useful tool to study
the electrolyte degradation because this reaction gives way to for-
mation of a corrupted solid electrolyte interface (SEI) with poorer
Li* and electronic conductivities on the cathode surface [15-17].
This passivating film increases the cell impedance during cycling
[51]. We have studied by EIS several SAC900 cells at 55°C. As an
example, in the inset of Fig. 15, the impedance plots for the Y=0.2
sample before cycling and after the 40th cycle are compared. For the
former cell the Nyquist plot shows an arc whose associated capac-
itance is 1.2E-5F as deduced from the ideal equation (RC/27f) =1
where f is the frequency at the arc maximum, R is the arc resis-
tance and C is the arc capacitance. It is ascribed to SEI formed on
the cathode surface [16]. The arc is shifted from the origin giving
rise to a pure resistance that is attributed to electrolyte resistance
(Rgjec) [16]. For the cycled cell, the impedance plot also shows a pure
resistance at the highest frequencies ascribed to the electrolyte and
two arcs. The high-frequency arc has an associated capacitance of
3.1E-6F which is similar to the arc found before cycling due to
SEIL. From comparison of the impedance plots of the cells before
and after cycling we find: (i) an increase in the electrolyte resis-
tance from 2 to 7 Q2 after cycling, and (ii) a large increase in the arc
resistance ascribed to SEI from 8 to 22 2. The increase of both resis-
tances clearly shows that electrolyte degradation takes place during
the cycling of the Li//LiCryyNig5_yMny5_yO4 cells. This collateral
reaction explains why for every cycle the charge capacity is higher
than the corresponding discharge one; that is, why the coulombic
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Fig. 15. Capacity retention after 40 cycles vs. coulombic efficiency for the SAC700
(square) and SAC900 (triangle) spinels cycled at 25°C, and for the SAC900 spinels
(circle) at 55°C. The inset shows the Nyquist plots of the Li-cell with the SAC-900
Y=0.2 cathode before cycling (circle), after the 40th cycle at 55 °C (triangle), and the
corresponding Boukamp-fits.
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Table 3
Synthesis method, particle size and electrochemical performances at 25°C and at 55 °C for selected doped and undoped LiNip5Mn; 504 spinels
Sample Synthesis method Thermal treatment Particle size (um) Discharge capacity Cycle number Capacity Reference
(mAhg1) retention (%)
LiNigsMny504 Sol-gel 600°C/24h - 110 32 95 [19]
- . . 750°C[24h 0.05 110 50 91
LiNig5Mn1504 Emulsion drying 850°C/24h 02 110 50 55 [36]
LiNig5Mn1504 Polymer-assisted 800°C 0.07-0.08 117 50 84 [29]
- i 125 50 76
LiNig5Mn 504 Spray-drying 800°C/24h <1 122 (55°C) 50 30(55°C) [38]
) 140 50 92
- Sol-gel 850°C/10h 0.3-0.5 135 (55°C) 50 27 (55°C)
LiNig5Mny504 137 50 04 [12]
Sol-gel +coated ZnO  850°C/10h 0.3-0.5 135 (55°C) 50 98 (55°C))
LiNigsMny504 Sol-gel 750°C 15 138 50 98
132 (50°C) 50 34 (50°C) (45]
Composite carbonate ~ 700°C/24h 0.05-0.1 141 50 97
139 (50°C) 50 96 (50°C)
LiNig5Mn;504 Hydroxide precursor 900°C, 02/12h - 131 50 92
LiCrm Ni0445Mn1,4504 = 134 50 98 [33]
LiCro2Nig3Mn; 504 - 138 50 96
Li1.016Cro.05Nio.4sMn1.48404 - 138 50 93
Li]_ozsNi0_42Mn1_474FE()_0804 Hydroxide precursor 900°C, 02/12 h - 131 50 95
LiNig‘42Mn1A5Zn0Agg 04 = 125 50 98 [23]
LiNig.42Mn1.42C001604 - 113 50 97
LiCrp2Nig4Mnq 404 Solution reaction 850°C 1-3 128 50 94 [32]
LiNig5Mn 504 Sol-gel 800°C/24h = 137 50 91 [34]
Licr0_03Nig_47 Mn1_504 = 137 50 97
LiFeoTio1Nip4sMn;3504  Precipitation 850°C/16h 0.1-0.2 120 30 98 [35]
. . X R 128 40 99 This
LiCro2Nig4Mny404 Combustion 900°C/1h 0.570 140 (55°C) 40 97 (55°C) work

Data for SAC900 LiCrg,Nip4Mn;404 synthesized in this work have been included.

efficiency (Cggr) is <100% (Table 2). In Fig. 15 the capacity retention as
a function of the coulombic efficiency is plotted. Data in this figure
illustrate the strong correlation between the cycling performances
of the SAC samples and their coulombic efficiency. In fact, an almost
linear rise of QRt-40 on increasing Cgg is observed. It indicates
that the cycling performances are notably enhanced on decreas-
ing the electrolyte degradation. The SAC900 samples with Y <0.1
cycled at 25°C have the highest Cg and they exhibit the largest
capacity retentions (Table 2). In an opposite way, the coulombic
efficiency of the SAC700 samples is lesser than that of SAC900 ones,
even at 55 °C. Thus, the SAC700 with Y=0.2 having the lowest Cg¢s
(95.55%) shows the worse cycling performances (QRt-40 = 65.93%).
To explain all these results it is important to remind that the main
difference between the SAC700 and SAC900 spinels is their parti-
cle size (Fig. 5, Table 1). As the particle size of the SAC900 samples
is larger, they have a lower electrolyte/cathode interface to pro-
voke undesirable oxidation reactions which explains their higher
coulombic efficiency and superior cycling performances.

Finally, we have considered helpful to situate the electrochem-
ical features of our samples among those reported in the literature
for 5V LiNigsMnq504-based cathodes. In Table 3, data for the
SAC900 LiCrg;Nig4Mn; 40,4 are compared with those of selected
doped and undoped LiNig5Mn4 504 spinels. At room temperature,
the cycling performances of our spinel (QRt-40=98.89%) is situ-
ated among the best reported in the literature. This value, which
is higher than reported for undoped LiNig5sMn; 504 samples, con-
firms the improvement of the cyclability of this spinel by doping at
room temperature. Besides, the SAC900 LiCry>Nig4Mn; 404 main-
tain a high capacity retention at 55 °C, QRt-40=97.03%. This is up
to the best of our knowledge, the only result existing in the litera-

ture on high-temperature cycling behavior of doped LiNig 5Mny 504
cathodes. It permits us to demonstrate for the first time that metal
doping is a useful way to improve the cycling performances of this
5V LiNig5Mn504-based cathodes a high temperature.

5. Conclusions

The sucrose-aided combustion method is a rapid, cheap and
straightforward method to synthesize Cr-doped LiNig5Mn;504
spinels. Further thermal treatment of the “as-prepared” samples
at 700 and 900 °C yields pure and single phase spinels as deduced
from XRD and TG-DTA studies. X-ray data also show that: (i)
Cr3* randomly replaces the Ni?* and the Mn3* in 16d octahedral
positions, and (ii) there are not any noticeable structural and com-
positional transformations on increasing the heating temperature.
The study by TEM and SEM shows that: (i) all samples have sub-
micrometric and homogeneous particle size, (ii) the particle size
seems not to depend on the Cr-content, and (iii) the most remark-
able difference between the SAC700 and the SAC900 spinels is the
particle size, it rises from ~50 to ~500 nm on increasing the heating
temperature from 700 to 900 °C. The analysis of the electrochemi-
cal properties permits to conclude that: (i) the discharge capacity
(~130 mAh g~1) does not noticeably change with the synthesis con-
ditions, and (ii) the cycling performances depend on the Cr-content
but notably on the thermal treatment. The main factor that controls
the cycling properties of the LiCroyNig5_yMnq5_yO4 spinels is the
electrolyte oxidation on charge. This reaction provokes the forma-
tion of a corrupted SEI which increases the cell impedance during
cycling, as deduced by EIS. The electrolyte oxidation decreases on
increasing the particle size. Thus, the SAC900 spinels, which have
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the largest particle size, have the best cycling performances. Among
the samples synthesized, the SAC900 spinels with Y < 0.1 exhibits
the highest capacity retention, even at 55 °C (QRt-40>96%) being
their cyclability >99.9% by cycle. The most highlighted point of this
work is that it has been demonstrated for the first time that metal
doping is a new approach to improve the cycling performances of
5V LiNig5sMn505-based electrodes at high temperature.
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