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Abstract

The synthesis of pure and Cr-doped nanosized LiMn,O, particles has been carried out by solid-state process on high-energy ground
mixtures. In situ X-ray analysis demonstrates the spinel forms as single phase at 623 K passing through the Mn3;O4 precursor at
temperatures as low as 573 K. In the doped high-energy ground mixture Li-rich spinel phase forms at 623 K and Cr ions insert in the

spinel octahedral site only at 723 K.

A mean particle size value of 60 A, quite independent of the reaction time, is obtained for T<673 K. For higher temperature the
growing of the particles as a function of time is observed, independent of doping. The mechanical grinding seems to be the most suitable
way to obtain impurity-free spinel phases at lower temperature and with smaller particle size with respect to manually ground mixtures

by solid-state reaction and via sol-gel synthesis.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

LiMn,O, is an appealing cathode material for lithium
batteries [1-4], due to its room temperature (RT) con-
ductivity, related to electron hopping contribution [5,6] and
also to possible mobile Li " ions intercalation/de-intercala-
tion in the cationic framework [1,3].

The cubic spinel-type structure, stable for 7'>285K, for
lower temperature undergoes an orthorhombic transition
[7,8], induced by the Jahn—Teller (JT) distortion of Mn?>*
ions sites. The transition, depending on Mn®* concentra-
tion, can be inhibited by reducing the Mn’" amount.
Recent studies showed that the inhibition of the JT
distortion can be reached both by suitable cationic
substitution on Mn site [9-13], such as Cr*" ions, and by
stoichiometry deviations induced by Li excess with respect
to 0.333 cationic fraction [14-17].

LiMn,0, easily forms by conventional solid-state reac-
tion, but lot of work was devoted to their preparation by
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other routes, with the aim to obtain both impurity-free and
small particle size samples [18-24]. A sol-gel route [25]
leads to the formation of small crystallite size by annealing
at temperatures lower than for solid-state processes.
However, for T<973K the spinel is not a single phase
and traces of Mn oxides disappear at 1073 K [26].

The aim of the present study is to synthesize pure and
Cr-doped LiMn,O,4 nanoparticles at temperatures as low as
possible and to study the reaction mechanism by in situ
X-ray powder diffraction (XRPD). Mixtures of the reagents
prepared by different degree of mixing (manual grinding (G)
or mechanical grinding (MQG)) are studied in situ at different
temperatures. Starting from Cr,0s-doped reacting mixtures,
also the Cr substitution on Mn site can be studied. Both
crystallite sizes and phase abundance were evaluated by
analysing shapes, breadth and integrated intensity of the
Bragg peaks. Moreover, the product stoichiometry is
discussed on the ground of the lattice parameters values,
taking into account the influence of both lithium stoichio-
metry deviations and dopant substitution on the Mn site.
The relations among temperature, phase composition and
crystallite size of the spinel are discussed.
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2. Experimental

LiMn,0O, spinel was obtained by mixing MnO and
Li,CO; in stoichiometric amount. Doped samples were
prepared by substituting to MnO the proper amount of
Cr,05 to reach the 5% of Cr substitution on Mn site. Each
sample was manually ground in an agate mortar and
mechanically ground by high-energy ball milling. Samples
of about 10g were milled for 2 and 5h in a high-energy,
high-capacity vibratory ball mill in air atmosphere. The
grinding balls (carbon steel) to powder ratio was 20:1.
Other details were reported elsewhere [27]. The formation
reaction of pure and doped LiMn,O, was directly
monitored by in-situ XRPD at different temperatures
and, at the same temperature, as a function of time on the
G and 5h MG mixtures.

XRPD measurements were performed with a Bruker
D5005 diffractometer provided with a scintillation detector
and a curved graphite monochromator on the diffracted
beam; CuKa radiation was used. For high-temperature
(HT) XRPD measurements an HTK1200, Anton Paar
polythermal attachment was used. Quick response was
obtained by means of a position sensitive detector. The
patterns were collected in the temperature range
298-1073 K, depending on sample. For time-dependent
measurements, the reaction evolution was followed within
17h.

Scanning electron microscopy (SEM) micrographs were
collected by a Cambridge Stereoscan 200 SEM on gold
sputtered samples.

3. Results
The effect induced by MG on the starting mixture has

been studied by both XRPD and SEM analysis. In Fig. 1,
the diffraction patterns of undoped G and 2 and 5h MG

mixtures are compared. As expected, only the MnO and
Li,CO; diffraction peaks are observed in the G sample: the
peaks height and broadening decreases and increases,
respectively, with increasing the grinding time. These
effects are more evident for the reflections pertinent to
the Li,CO;3 phase. In addition, the MG induces some
oxidation of MnO to Mn;O4 as demonstrated by the
presence of very broadened peaks at about 32.3° and 36°,
more evident in the 5h MG mixture. The application of the
Scherrer equation was carried out for the MG mixtures on
the full-width at half-maximum (FWHM) for (200) MnO
and (—110) Li,CO; diffraction reflections; the use of
FWHM instead of the integral breath is justified by the
large broadening of peaks. The results of the crystallite size
are reported in Table 1 and compared with the very large
values, not valuable on the basis of the Scherrer equation,
of MnO and Li,COj; before grinding. In the Cr 5% doped
starting mixtures, the Cr,O; component is observed
together with MnO and Li,CO; (see inset in Fig. 1); the
MG affects peak intensity and broadening as already
evidenced for the undoped sample.

SEM micrographs are obtained on reagents and both
doped and pure mixtures after G and MG. Fig. 2 shows the
micrographs of the MnO and Li,COj; reagents (Fig. 2a and
2b respectively); as an example, the micrographs after G
and 5h MG of the undoped mixture are shown (Fig. 2c and

Table 1
Crystallite size dimensions of reagents before and after mechanical
grinding for different time

G 2h MG 5h MG
MnO (A). >3000 360 260
Li,CO; (A) >3000 100 <100

#

Intensity / a.u.

30 35 40
20 / degrees

Fig. 1. XRPD patterns of undoped and doped (inset) starting mixtures after different grinding. (#) MnO, (*) Li,COs, (°) Mn30, and (|) Cr,0O; main peaks.
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Fig. 2. SEM micrographs of (a) MnO, (b) Li,COs, (c) undoped G mixture and (d) undoped 5h MG mixture.

2d respectively). MnO surfaces highly covered by Li,CO;
small particles are obtained after MG (Fig. 2d).

The HT XRPD measurements on the 5h MG undoped
mixture in the 473—623 K temperature range are reported at
the beginning (Fig. 3a) and at the end (Fig. 3b) of the
isothermal process, when no further reaction progress is
observed. The LiMn,O4 phase forms in small amount
already at 473K while MnO and Li,CO; decrease and
Mn;0, abundance increases with respect to the starting
mixture (see for comparison Fig. 1 and Fig. 3a). Phase
amount does not appreciably change after time as high as
15h at 473K (Fig. 3b). The same crystallographic phases
are observed at 523 K, where traces of MnsOg are also
present: no evolution of the reacting system is observed
after 13 h at this temperature. With increasing temperature
the LiMn,O,4 amount increases; after Sh at 573 K traces of
MnO and Mn30, are still observed, while at 623K the
lithium manganese spinel is the only phase present.

XRPD measurements before and after annecaling at
different temperature (523 <7<723K) on 5h MG Cr 5%
doped mixture show very similar results with respect to the
pure samples (Fig. 3), as it is shown in Fig. 4a and b. After
6h at 673K, the reaction progress is similar to that of
623K; at 723K Cr,03 peaks disappear and only doped
LiMn,Oy is obtained within 10 h.

The patterns of the G mixture for the undoped sample
collected at the beginning of the annealing for
673<T<973K are reported in Fig. 5. The Li,CO; is
present up to 773 K. It was verified that some Li,COj3 peaks
whose position is particularly dependent on c-axis, e.g., the
(—202) and (002) found at 29.77° and 31.32°, respectively,
for T = 773 K, are significantly shifted towards lower angle

with respect to the literature RT data (30.61° and 31.80°).
Instead, the (—110) reflection, not dependent on ¢, shows a
20 position at 773 K very close to the RT value. This effect
can be explained on the basis of a strong thermal expansion
along the c-axis and/or distortion in f monoclinic angle
with increasing temperature. As expected, the MnO
amount decreases up to 873K, while LiMn,O, phase
increases and coexists, for 7>773 K, with Li,MnOs, whose
amount decreases with 7. The Mn;0O,4 intermediate phase is
present only for 773<T<873 K. Comparable results are
obtained from HT measurements on the G Cr 5% doped
mixture. Cr,O; is observed up to 773 K and coexists with
Li,CrOy4 at 673 K (see inset of Fig. 5).

Fig. 6 shows the crystallite size as a function of time at
different temperature for the 5h MG-doped sample.
Similar trends are observed for the 5h MG undoped
mixture. As an example the 573 K data are reported, while
other isotherms data are omitted for sake of simplicity.

Fig. 7 shows lattice parameters a (a) and crystallite size
(D> (b) as a function of temperature for G and MG
samples. The @ and (D) values are compared with data
from LiMn,0,4 thermal expansion [28] and sol-gel synth-
esis [26], respectively.

4. Discussion and conclusions

The influence of the grinding on the reactivity of the
samples can be deduced by comparing the results shown in
Fig. 1 and Table 1. The MG process strongly reduces the
crystallite size from about 3000 A to about 260 and 100 A
for MnO and Li,COs;, respectively. Simultaneously to the
large decrease of the MnO particle size after 5Sh MG, the
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Fig. 3. XRPD patterns of 5h MG undoped mixture at different temperatures (a) at the beginning and (b) at the end of the isothermal process. (#) MnO,

(") LiMn,Oy, (°) Mn;30y4, (*) Li,CO; and (+) MnsOg main peaks.

formation of small amounts of Mn;0O,4 phase is observed
(Fig. 1). The same oxidation effect was previously reported
on mechanical activated MnO-Li,CO3; mixture [24]. This
evidence can be due to oxidation process of the MnO grain
boundary just formed in air under the possible local
heating induced by the high-energy grinding.

The SEM micrographs put into evidence both the mixing
degree of the reagents and the particle morphology and
size, very important features for the reactivity of the
mixture. Before grinding, large agglomerates (about
100-200 pm) are observed for MnO particles (Fig. 2a)
while rather fine ones (about 20 um) are present in Li,CO3
(Fig. 2b). The G of the mixture slightly reduces the oxide
particles size (about 50-80um, Fig. 2c) but a non-
homogeneous layer of fine Li,CO; covers MnO. The
strong difference in the particle size of the two reagents
leads to a mixing but not to a significant reduction of the
agglomerates size. A high mixing degree and small particle
size are obtained after Sh MG (Fig. 2d). The microsized
MnO phase (5-15pm) is uniformly covered by Li,COj3

component, even if some differences in the MnO and
Li,CO; agglomerate sizes are justified by the different
hardness degree between the phases. The XRPD measure-
ments at 473 K for the undoped MG mixture (Fig. 3) put
into evidence the increase of the Mn3;04 amount, possibly
due to the previous formation of this phase at RT (Fig. 1).
LiMn,0O,, obtained at 473 K in small amount, is completely
formed after Sh at 623 K (Fig. 3b). This demonstrates the
efficiency of the solid-state synthesis via high-energy
grinding with respect to the sol-gel route, where much
higher temperatures are necessary to obtain single phase
spinel [26]. For what concerns the MG-doped mixture, the
spinel phase is nearly completely formed after 10 h at 623 K
(Fig. 4b), in agreement with the undoped case. However, a
significant amount of Cr,Oj is still observed and only after
10h at 723 K it completely inserts into the spinel phase. In
other words, for T<723K Cr,O; phase does not com-
pletely participate in the spinel formation and a non-
stoichiometric Li-rich spinel must be considered. For such
phase, we should consider a charge distribution on the
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Fig. 4. XRPD patterns of 5h MG-doped mixture at different temperatures (a) at the beginning and (b) at the end of the isothermal process. (|) Cr,O; main
peaks. The symbols pertinent to the other phases, corresponding to those observed in Fig. 3, are omitted for sake of simplicity.
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Fig. 5. XRPD patterns at different temperatures of undoped G mixture. The inset shows two selected temperatures for doped G mixture. (") LiMn,Oy,
(§) Li;MnOs3, (#) MnO, (*) Li,COs3, (°) Mn30y, (|) Cr,03 and (”) Li,CrO4 main peaks.
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Fig. 6. Crystallite size as a function of time for the undoped (open symbol) and doped (full symbol) Sh MG mixtures at different temperatures.

octahedral frame represented by [10]
[LifCri*Mnjt;  MniT, ] with 0<x<0.10.

Taking into account an initial molar ratio Li/Mn =
1/1.90 (x = 0.10 for the 5% doped sample), a value y =
0.034 is obtained when x = 0, i.e., for T<623 K, when the
Cr’™" dissolution is not yet begun. At T>723K, after the
complete insertion of Cr’" in the spinel phase, x = 0.10
and y = 0.00. The presence of the Li-rich spinel at 623 K
for the doped mixture agrees with the lower lattice
parameter value with respect to the undoped sample,
where the spinel seems to be more stoichiometric, as
demonstrated by the a value closer to that evaluated by
thermal expansion at the same temperature (Fig. 7a). By
comparing the XRPD reactivity results of the doped
mixture at different temperature and the crystallite size of
the spinel phase (Fig. 6) it can be deduced that the Cr
substitution on Mn site is obtained during the growing of
LiMn,Oy, particles. In particular, for 7<623 K a constant
size value independent of time is obtained, while, for higher
temperatures, the particle size grows with time for each
isothermal process (Fig. 6) and Cr,O3 disappears.

The comparison between the XRPD results of G and
MG undoped mixture (Fig. 5 and Fig. 3a) shows that, in
the former case, the reaction starts at a temperature at least
200 K greater: Li,COj is observed up to 673 K, MnO phase
disappears at 873K (Fig. 5) and Mn;0, is stable up to
873 K. Moreover, Li,MnO; forms at 773<T<873K
together with spinel and Mn;O,4 phases. Similar results
are obtained from the G-doped mixture. G and MG
mixtures differ for what concerns the Cr—Mn insertion

mechanism: in the G case, Cr,0j5 reacts partially at 673 K
forming Li,CrOy4 (inset of Fig. 5). At 773K the Cr oxide
phases are not detected, so the Cr insertion in LiMn,Oy
spinel passes through the formation of Li,CrO4. Moreover,
the doping step happens during the early LiMn,O, lattice
formation when other phases coexist (inset of Fig. 5), while
for the MG case (Fig. 4) the Cr ions substitute during the
growth of the Li-rich spinel phase (Fig. 6).

The mechanism of formation of undoped and Cr-doped
LiMn,04 can be summarized by comparing the lattice
parameters (Fig. 7a) and crystallite size (Fig. 7b) as a
function of temperature. The a values obtained from the
thermal expansion study of LiMn,O, previously synthe-
sized (Fig. 7a) [28] are higher than those obtained when the
spinel is under formation and coexists with other phases,
independent of the grinding and doping. Only for
T=973 K, when the spinel phase is the main component,
the a parameter reaches the same value independent of the
synthesis route. For <973 K, the MG samples lead to
higher a values with respect to the G ones. In this last case,
the spinel coexists with other impurity phases in a larger
temperature range and hence stoichiometry deviations,
influencing the a parameter, may be expected [5]. Indeed,
the lattice parameter value of the pure MG sample, after
cooling down to RT (Fig. 7a), is in a very good agreement
with that reported for LiMn,O,4 (8.2426 A). This result
confirms that the desired stoichiometry in LiMn,Oy, is
obtained.

The microstructural analysis (Fig. 7b) shows a very
similar growing of crystallite size as a function of
temperature for both undoped and doped MG samples.
The size trend is shifted at higher temperatures for the G
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Fig. 7. Temperature dependence of (a) lattice parameters and (b) crystallite
size of undoped (circle) and doped (square). Open, grey and black symbols
refer to G, MG and literature [26,28] data, respectively. Standard
deviations are comparable to the symbol size.

samples and higher values are obtained for pure sample
with respect to the doped one at 973K, so suggesting a
doping effect on the { D) values. A comparison with the
crystallite size obtained by sol-gel synthesis of the spinel
phase [26] shows that the (D) slightly depends on
temperature but higher values are obtained for 7T<823 K.

In conclusion, the MG synthesis shows some advantage
with respect to the sol-gel route: a stoichiometric and
impurity-free spinel phase is obtained at 623 K for undoped
sample and at 723 K for the doped one, in a temperature
range much lower than that necessary for the undoped
sol-gel samples (7>973K) [26]. Moreover, nanosized
lithium manganese spinel particles are obtained, thanks
to the lower temperature synthesis.
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