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Abstract

Nano-crystalline LiMaO,4 materials were obtained by three different methods: thermal decomposition of mixtures of corresponding
metal carbonates or nitrates, Pechini method and self-combustion reaction (SCR) method using common sugar—sucrose as a fuel. Phe
composition, morphology, crystallite- and particle sizes of materials were studied by powder X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Contrary to thermal decomposition of metal carbonates or nitrates mixtures, Pechini and SCR method:
allowed synthesis of a single-phase product at°400but the optimal temperature range for preparing of Lillgn spinel with good
electrochemical properties was found to be 600-<&0Both latter methods provided good control of the chemical composition and
microstructure of the active material. The SCR method yields a fine k@spinel, having high initial specific capacity of 116 mA h/g
and low capacity fade during cycling. The simple procedure of self-combustion method is time and energy saving, and thus is promising
for commercial application.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction properties. All these factors are closely related to the method
. _ _ . _ _ of synthesis.
Lithium manganese oxide spinel LiMO, is an interest- Many procedures for preparation of spinel Lib@y

ing and promising cathode material for rechargeable lithium materials have been proposed in the literature during last
batteries[1-3]. In comparison with layered LiCoOand  years. The classical ceramic synthesis by a solid-state reac-
LiNiO 2, its three-dimensional structure permits a reversible tion between oxide$§9,10] has been used extensively, but
electrochemical extraction of theLions, at about 4V ver- it requires prolonged heat treatment at relatively high tem-
sus Li/Li™, to A-MnO, without lattice collapsg4]. Addi-  peratures (>700C) with repeatedly intermediate grinding.
tional advantages are the_ relatively high th_eoretlcal capacﬂy Moreover, this method does not provide good control on the
(148 mAh/g), low cost with ease preparation and environ- crystalline growth, compositional homogeneity, morphol-
mental harmlessnegS]. A problem to overcome for com-  ogy and microstructure. As a consequence, final products
mercial application of this material is its fast capacity fading consist in relatively large particles (3In) with broad
with charge/discharge cyclir{§]. This fact has been related  particle size distribution. In order to overcome these dis-
to instability of the active phase caused by several possibleadvantages, various preparative techniques, known as well
factors like a slow dissolution of the cathode material into as “soft-chemistry” methods, have been developed. Such
the electrolyte, high value of the relative volume changes techniques are based on the processes of co-precipitation,
accompanying charge/discharge cycling, Jahn—Teller distor-ion-exchange or thermal decomposition at low tempera-
tion effect in deeply discharged electrod@s8]. The sto-  ture of appropriate organic precursors obtained by sol-gel
ichiometry, crystal structure and morphology of the active [11,12] xero-gel[13], Pechini[14,15] freeze-drying[16],
material are of essential importance for its electrochemical emulsion-drying[17] methods. They lead to homogeneous

spinel materials with small particle size but require expen-
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Very suitable to the synthesis of hano-sized oxide materi- and the total reducing power of the sucr¢22]. The dish
als is the method of self-combustion reaction (SCR method) containing the reaction mixture was placed on an electric
of metal nitrates (oxidizers) and some organic reductors heater kept at 120C. At this temperature the liquid started
(tetraformal triazine (TFTA), glycine, urea, citric acid, etc.) to evaporate, and the residual viscous mass of reagents trans-
acting as a fue18-20] The key feature of self-combustion formed into brownish-yellow foam. When ignited, it burned
process is that the heat needed for the synthesis of an oxwithout flame yielding a voluminous black sponge-like sub-
ide material is provided by the exothermic reaction between stance, which was then heated at 4G0for 1 h.
the fuel and the oxidizers, which are at the same time start- The as-prepared samples A—D were divided into five equal

ing reagents for this product. In our previous w2 ] we
described the SCR synthesis of nano-sized Linwith

portions. First portions were used for further XRD, SEM and
electrochemical characterization. Each of the other portions

good electrochemical performances. The very common andwas thermally treated for 2 h in air at 500, 600, 700 or 800

cheep organic reagent—sucrosa ,,011) has been se-
lected as a fuel.

The aim of the present work is to find optimal conditions
for thermal treatment that allow SCR synthesis of Lia

Thermal treatment at temperature higher than “€@®ave
not been carried out, since it induces oxygen and lithium
vacancies in the spinel structui2s].

based materials with good electrochemical performance. We2.2. XRD and SEM characterization

are of the opinion that this could be done directly by com-

parison of the micro-structural and electrochemical charac-

Phase composition, morphology and particle sizes of the

teristics of the same compound, obtained at identical thermalS@mples were studied by X-ray powder diffraction analysis
conditions, by different methods like thermal decomposition (XRD)and scanning electron microscopy. XRD spectra were
of metal carbonates and nitrates or other low-temperaturefecorded at room temperature with computer-controlled

technique like Pechini method.

2. Experimental

2.1. Synthesis

DRON-3 powder diffractometer with Cudradiation and a
scintillation registration. Data were collected in therange
from 15 to 90° with a step 0.02 and counting time of
1s/step. Lattice parameters were refined using the program
CelRef[24]. Mean coherent domain sizes were determined
by peak profile analysis with the program PowderQ2H].
Scanning electron microscopy was performed on a Phillips

The samples obtained were denoted as foIIows—sampIeE’15 SEM.

A: thermal decomposition of carbonates, sample B: thermal

decomposition of nitrates, sample C: Pechini method and 2-3- Electrochemical characterization

sample D: SCR method.

For the synthesis of sample A, the stoichiometric amounts
of LioCOz and MnCQ were homogenized for 30 min in an
agate mortar. The powder mixture was then heated at@00
for 1h.

Sample B was obtained by dissolving stoichiometric
amounts of LINGQ and Mn(NG)2-4H,0 in a distilled wa-
ter. The solution was heated at 8D till evaporation of the
liquid. The dry precursor was heated at 4@0for 1 h.

Sample C was synthesized by Pechini method follow-
ing the procedure given by Liu et dll4]. The appropriate
amounts of LCO3 and a water solution of Mn(N§), were
added to the solution of citric acid in ethylene glycol (1:4
molar ratio). Heating at 90C and vigorous stirring were
applied till a clear solution was obtained. The solution was
placed in a vacuum drier at 14Q and kept there 2 h, after
that the temperature was raised to 180until full trans-
formation of the solution into a resin-like substance. The
as-obtained precursor was heated at 4D@or 1 h. Result-
ing material was a black voluminous porous mass.

Sample D was prepared by slow evaporation and ignition
of a reaction mixture containing stoichiometric amounts of
Li(l) nitrate, Mn(ll) nitrate and sucrose (gH22011). The
molar ratio of metal nitrates to that of the sucrose was calcu-
lated on the basis of the total oxidizing power of the nitrates

The effect of heating temperature and synthesis method on
the electrochemical properties of LiM@, samples was in-
vestigated in a three-electrode cell on a computer-controlled
laboratory cycling equipment. The negative electrode was
a lithium foil. The electrolyte used was a 1M solution
of LiClO4 in ethylene carbonate and dimethyl carbonate
(EC:.DMC = 1:1 ratio). The water content of the elec-
trolyte was less than 30 ppm. Positive electrode composites
were prepared from spinel LiM®4 powder (15mg) with
teflonized acetylene black (TAB) (1:1 weight ratio). The
obtained mass was pressed onto an aluminum foil (15 mm
diameter). All cell assemblies were carried out in argon
filled dry box. The cells were cycled at room temperature
in the voltage range 3.0-4.2 and 3.0-4.5V versus [fi/Li
The current density wa€/3 (0.42 mA/cn?), whereC is
the capacity of the electrode calculated on the basis of the
theoretical capacity of LiMgO4 (148 mA h/g).

3. Results and discussion

3.1. Phase composition and microstructure

XRD powder patterns of the samples obtained by ther-
mal decomposition of carbonates (A) and nitrates (B) at
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Fig. 1. XRD spectra of samples C (right column) and D (left column) heated at different temperatures.

temperatures below 80C contain peaks of spinel phase least. At such elevated temperatures, phase homogeneity is
along with peaks of some intermediate manganese oxideachieved by long-range cation diffusion transport but, at the
phases. XRD pattern of sample A heated at 4DGhows same time, the particle size increases rapidly beyond the
poorly crystallized MpO3 and a spinel phase. Upon further optimum limits.

thermal treatment at 500—70Q the quantity of the MgO3 Powder XRD patterns of the spinel LiM®, prepared by
phase decreases and its XRD peaks disappeared after heaRechini (C) and SCR (D) methods and heated at different

ing at 800°C. XRD pattern of sample B fired at 40Q
shows peaks of a spinel phase and peak8-dnO,. At
500°C MnGO; transforms to MpOs, the latter being present
in samples heated up to 700. Synthesis of single-phase
product by both methods requires heating at 8D at

temperatures are shownhig. 1 It is seen that single-phase
products were obtained by both methods at 2D0Further
heating at higher temperature leads to gradual sharpening of
the diffraction peaks which is an indication of the improved
crystallinity of the samples. This fact was confirmed by
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Fig. 2. Dependence of the mean coherent domain size on heating temperatures.
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detailed analysis of the peak broadening combined with at 800°C (Fig. 2). The relatively lower (70-90 nm) MCDS
scanning electron microscopy. The mean coherent domainof the spinel phase in samples A and B heated 2 h at800
size (MCDS), calculated by line profile analysis, for samples shows that a reaction between intermediate oxides and the

C and D increases from 10—15 nm at 4@0to 100-140 nm

1um300KkUY

Fig. 3. SEM photographs of samples C (right) and D (left) heated atG0@a) and (b)) and 80TC ((c) and (d)).
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formation of spinel product took place, but this heating
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Fig. 4. Dependence of the mean particle size on heating temperature.
Fig. 5. Evolution of the ratio of the mean particle size (nm)/mean coherent
domain size (nm) with heating temperature.

time was not sufficient for the formation of a stoichiometric
well-crystallized material. method produces material with lower amount of defects. At
SEM photographs of samples C and D, heated at 500 andhigh temperature the materials obtained by both methods
800°C, are presented iRig. 3. For both samples treated at show similar micro-structural characteristics.
500°C aggregates of relatively small globular particles with ~ The dependence of the unit cell parameters on the heating
uniform size of about 90-100 nm are seen. The mean parti-temperature, for the samples synthesized by the above de-
cle size (MPS) increases with heating temperature, reachingscribed methods, is shown Kig. 6. The lattice parameters
value of about 200-300 nm at 800, as can be seen from of samples A and B remain lower than the standard 8.248 A
Fig. 4 of the stoichiometric LiMaO4 [27], even at 800C, reveal-
It is well known that cathode material with good elec- ing that 2h thermal treatment is not enough for obtaining
trochemical performance should have high chemical diffu- stoichiometric material.
sion coefficient of lithium[26]. Lithium diffusion depends At 400 and 500C the lattice parameters for samples C
not only on the compositional homogeneity, size and mor- and D are close, but remain somewhat lower. After heating
phology of the material, but also on the porosity and mi- at temperatures higher than 600D they gradually increase
crostructure, resulting from the presence of different type to the standard value. This behavior advocates that product
of defects like point defects, dislocations, twin boundaries, materials have Li/Mn ratio very close to the stoichiomet-
grain boundaries. The difference between the microstruc-ric one, 1:2, but the phase synthesized at low temperature
ture of the products obtained by Pechini and SCR methodsis over-oxidized cation-deficient spinel. This fact is not sur-
is seen inFig. 5 where the evolution of the ratio mean par- prising, because it is well known that non-homogeneous and
ticle size (nm)/mean coherent domain size (nm) with heat- defect products are usually obtained at the low-temperature
ing temperature is presented. This ratio is a measure of thestages of the synthesis procedures, based on decomposition
number of the coherent scattering domains within one parti- of organic precursorf28].
cle, and also the measure of defect structure since coherent
scattering domains are separated by the defects presented.2. Electrochemical behavior
in the material. Observed difference may be regarded as a
consequence of the different defect structure of the mate- The initial discharge capacities in a potential range from
rials prepared by the two methods. At low temperature the 3.0 to 4.2V of sample D heated at different temperatures,
SCR method leads to the formation of highly defect mate- are shown inFig. 7. All discharge curves exhibit two
rials, due to the large amount of gases evolved during the plateaus at about 4.0-4.1 and 3.9—-4.0V. The appearance of
combustion reaction. At the same temperature the Pechinisuch plateaus in the charge/discharge curves is associated
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g P rel tial discharge capacity of sample C depends on the heating

Fig. 6. Dependence of the lattice parameters on heating temperature. temperature but is lower than this observed for sample D, as
can be seen ifrig. 8 where the dependence of the specific
with two-stage mechanism of the electrochemical lithium discharge capacity on the firing temperature for samples C
intercalation29]. These plateaus become more pronounced ahnd D |shpresented. lt, al§o can be se_err: tr?at for both samples
with increasing the heating temperature which is usually at- € discharge Capal?'tlé Ilncreases wit eatln?]'temperature
tributed to the improvement of the crystallinity and diminu- UP 1© 600°C and slightly decreases above this tempera-
tion of the number of structure defects of the samlds. ture. The increase of the lattice parameters at temperatures
The initial discharge capacity for samples A and B heated at igher than 600C reveals the improved stoichiometry of

800°C for 2h are 93 and 95 mA h/g, respectively. The ini- the samples, and leads to the expectation of improvement
of their electrochemical performances. However, it was not

observed for samples C and D, implying that there are other
factors in the thermal treatment process that affect electro-
chemical behavior in a negative way. Among them, it may be
mentioned the oxygen loss at temperature above 80¢he
diminution of the microstructure defects and increase of par-
ticle size. In the present experiment the influence of the first
factor was reduced, since the maximum heating temperature
was chosen to be 80C. We suggest that observed slight
decrease of the discharge capacity comes from the other two
factors which govern the micro-structural characteristics of
both samples with thermal treatment. Improvement of ho-
mogeneity and crystallinity of materials takes place between
400 and 600C. At higher temperatures an undesirable fast
increase of particle size is observed. On the other hand,

————T———T— T . spinels obtained at 400-50Q are over-oxidized having

0 20 40 60 80 100 excess amount of M and higher temperature is needed

Specific capacity [mAn/g] to reduce its quantity to the stoichiometric one. Obviously,

Fig. 7. Initial specific discharge capacities in a potential range 3.0-4.2v for Pechini and SCR methods, in the temperature’s range
of sample D heated at different temperatures. 600-650C occurs balance between the above mentioned
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Fig. 9. Variation of the discharge capacity as a function of cycle number for samples C and D heatetiGate8G#C/3 rate in a potential range 3.0-4.5V.

Table 1

Calculated fading rate at different stages of the cycling process for samples
C and D according to the equationg?, — Q,,)/N (mAh/g cycle) and

[(Qn — Om)/QnN] x 100%, whereQ,, Q,, are the discharge capacities
observed at theth andmth cycle andN is the number of cycles

Cycles Fading rate per cycle

Sample C (Pechini) Sample D (SCR)
1-30 0.59 mAh/g (0.55%) 0.18mAh/g (0.15%)
30-100 0.32mAh/g (0.36%) 0.32mAh/g (0.29%)
1-100 0.40mAh/g (0.37%) 0.28 mAh/g (0.24%)

contradictory factors resulting in the synthesis of LiNIa
spinel with good initial specific capacity.

The initial discharge capacity is not unique electrochem-
ical characteristic. For more reasons the cycling stability of
the cathode material is also very important. The specific dis-
charge capacity in a potential range 3.0-4.5V versus cycle
number for samples C and D is presented-ig. 9. Cal-
culated fading rates for both samples at different stages of
the cycling are presented ifable 1 Material prepared by
Pechini method shows initial decline of capacity during the
first 30 cycles, while spinel prepared by SCR method shows
small fading rate at the same cycling stage. Moreover, sam-
ple D retains lower fading rate than sample C up to the
100th cycle. Better initial discharge capacity for sample D
is accompanied with better cycling stability.

4, Conclusions

LiMn Q4 spinel cathode materials were prepared by dif-
ferent methods in order to compare their characteristics.

Low-temperature techniques (Pechini and SCR methods) al-

low synthesis of a single-phase product at 400 They
provide better control of the composition, morphology and

electrochemical properties of the active material, making
them preferable to the classical solid-state reaction meth-
ods. The optimal temperature for the synthesis of Liklp
spinel with good initial specific capacity by both methods
was found to be 600—-65C.

The SCR method vyields a fine LiM@®,4 spinel, which
is suitable for preparation of nano-crystalline cathode ma-
terials with high initial discharge capacity and very good
cycling behavior. The simple procedure of the combustion
method is time and energy saving, and thus is appropriate
for commercial application.
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