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Abstract

The formation of lithium ferrites (LiFesOg and LiFeQO,) from mechanically activated mixtures of Li,COz—Fe,O5 has been studied
using thermal analysis (TGA, DSC), evolved gas analysis (TG/FT-IR), X-ray powder diffraction (XRD), scanning electron micro-
scopy (SEM) and particle size analysis. It is shown that mechanical activation of the precursors considerably enhances the reactivity
of the solid system analysed and makes it possible to obtain reaction products with a much lower expense of thermal energy. In
particular, lithium ferrites can be obtained at temperatures at least 160 °C lower than those necessary in the absence of mechanical
activation. Moreover, both the microstructure and the allotropic ratio of the products, as well as the reaction path, are affected by

mechanical activation. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lithium ferrites (LiFesOg and LiFeO,) have attracted
considerable interest due to their potential technological
applications. LiFeO, has been proposed as cathodic
material in rechargeable lithium batteries, due to its
lower toxicity and cost 12 with respect to LiNiO, and
LiCoO,. The spinel phase LiFesOg is a ferrimagnetic
compound which has been used in the microwave field
due to its square hysteresis loop and high Curie tem-
perature. Several papers have appeared dealing with the
electrical, magnetic and structural properties of lithium
ferrites prepared by different methods.>™ Their solid-
state synthesis has been examined by Karagedov et al.®
who reported that the rate of formation was dependent
on the thermal and/or mechanical history of the pre-
cursor and on the heating system used to perform the
reaction. In previous work of ours,”-® the formation of
lithium ferrites was studied starting from Li,CO5; and
from different iron precursors such as Fe,Og,
FCC204'2H20 and Fez(C204)3'6H20.

* Corresponding author. Tel.: +39-382-507-211; fax: +39-382-
507-575.
E-mail address: berbenni(@matsci.unipv.it (V. Berbenni).

However, new methods of materials synthesis have
received attention in recent years. In particular, con-
ventional thermally-driven solid-state reactions have a
tendency to yield coarse grained agglomerated powders
with compositional inhomogeneities.” To overcome
these deficiencies, interest has been focused on low
temperature synthetic routes such as coprecipitation,
sol-gel synthesis, alkoxide hydrolysis, hydrothermal
reactions and citrate routes. These synthesis procedures
often require annealing of the precursors at a high tem-
perature to allow the formation of the desired phases
and in many cases high-purity inorganic or organome-
tallic chemicals have to be employed as starting materi-
als (which are more expensive than the widely available
oxides and carbonates). An alternative procedure is
represented by a mechanically activated synthesis route,
which basically consists of a high-energy ball milling
process, where repeated fracture and welding events
arising from impact and compression between the mil-
ling medium and the particles result in the production of
homogeneously mixed fine powders. Mechanochemistry
was initially developed for the synthesis of intermetallic
compounds and alloys.'® Later it was used to prepare
various magnetic and nanocrystalline materials.!!!?
Recently, mechanical activation has been applied to
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improve the reactivity of the starting composition so
that the desired compound is formed at a reduced
annealing temperature.'3

This work examines the formation of lithium ferrites
(LiFesOg and LiFeO,) from mixtures of Li,CO; and
Fe,O; which have been previously subjected to
mechanical activation by high energy milling. The study
has been performed by means of high resolution thermo-
gravimetric analysis (HRes TGA), differential scanning
calorimetry (DSC), evolved gas analysis by coupled
thermogravimetric analysis and Fourier transform
infrared spectroscopy (TGA/FT-IR), X-ray powder
diffraction (XRPD) and scanning electron microscopy
(SEM).

2. Experimental procedure
2.1. Starting products and sample preparation

The starting chemicals were purchased from Aldrich
Chimica (Italy): Li,CO; purum (99%) and Fe,O3
(nominally +99% ha@matite, although magnetite was
detected by XRPD).

Mixtures of composition Xi;=0.16 (LiFesOg) and
X1i=0.50 (LiFeO,) (Xgj=lithium cationic fraction)
were prepared by weighing the appropriate amounts of
the two components. A sample of each mixture was
simply mixed for 10 min using an agate mortar and
pestle. These samples are considered to be simple phy-
sical mixtures (i.e. unactivated). About 20 g of the dif-
ferent sample compositions were milled for 2 and 5 h in
a high energy, high capacity vibratory ball mill (grind-
ing balls to powder ratio 10:1, carbon steel balls),!* in
air atmosphere.

2.2. Experimental techniques

Thermogravimetric analysis (TGA) was performed
using a 2950 thermogravimetric analyser connected to a
TA 5000 data station (TA Instruments, USA) equipped
with Thermal Solutions® software. About 20 mg of
each sample was heated under a nitrogen flow of 100
ml/min to 850 °C. Both conventional thermogravimetry
(i.e. at constant heating rate of 2 °C/min) and high
resolution thermogravimetry '> using a dynamic rate
approach were used.

Conventional TGA measurements have also been
performed by connecting a thermobalance (TGA 951
thermogravimetric analyser by DuPont de Nemours,
USA) to a FT-IR spectrometer (FT-IR spectrometer
Mod. 730 by Nicolet, USA equipped with Omnic®
software). The measurements were performed up to
650 °C at a heating rate of 5 °C/min. Flowing nitrogen
(40 ml/min) was used to carry the gaseous products
from the thermobalance into the FT-IR gas cell (which

was maintained at 240 °C throughout the TGA
measurement). The spectra of the evolved gases were
obtained by fast fourier transform of 16 co-added
interferograms collected at 8 cm™' resolution. Specific
absorbance chemigrams of the likely gaseous products
(H>O and CO,) have been reconstructed at the end of
the run by means of the Nicolet Series® software.

The mechanically activated samples were also ana-
lysed using a differential scanning calorimeter (DSC,
Model 2920 by TA Instruments, USA, connected to a
TAS5000 data station equipped with Thermal Solutions®
software). About 20 mg of each sample were heated up
to 650 °C at 2 °C/min, in open platinum pans and under
a nitrogen flow of 60 ml/min.

Samples of both unreacted and reacted mechanically
activated mixtures were examined by X-ray dif-
fractometry (Bruker Model DS5005 powder dif-
fractometer with a monochromated copper source) in
order to identify the different phases.. Measurements
were made over the range 2¢9=20-70° using a 3 s
counting time per 0.03° step. The mean crystal size has
been calculated by the method described elsewhere !°
using the full width at half maximum (FWHM) of the
X-ray peaks corrected for instrumental broadening and
taking into account strain effects.

Samples of both mechanically activated and physical
mixtures (either reacted and unreacted) were examined
by a scanning electron microscope (SEM, Model Ste-
reoscan 200 by Cambridge, UK). The samples having
been previously sputtered under vacuum with gold
metal.

The particle size distribution of the samples was
examined using a Coulter LS100 Laser Diffractometer
(0.4-900 pm simultancous range): the measurements
were performed in a water medium so that no informa-
tion on water soluble Li,CO;3 could be obtained.

3. Results and discussion
3.1. Milled samples characterisation

Fig. 1 shows the XRPD patterns of the different mil-
led samples, where the o-Fe,O; markers (JCPDS file
No. 33-0664) are reported. It can be seen that the only
peaks that cannot be assigned to a-Fe,O5 are the weak
and broad peaks present at 26 ~21.5°, 30.5° and 32°.
While the first and the last of them can be assigned to
Li,CO3; (JCPDS file No. 22-1141) and are only barely
visible in the milled LiFeO, precursors (i.e. lithium
richer samples), that at 20 ~30.5° could correspond to
the 100% intensity peak of Fe;O4 (JCPDS file No.
19-0689) which was present in the starting iron oxide.
The apparent absence of lithium carbonate in the
LiFesOg mixture is due to a combination of its low
volume fraction and preferential amorphisation of the
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Fig. 1. XPRD patterns of the different milled precursors. (a) LiFeO, 2
h milling; (b) LiFeO; 5 h milling; (c) LiFesOg 2 h milling; (d) LiFesOg
5 h milling. The markers of Fe,O; are reported (JCPDS card No. 33-
0664).

softer of the two phases (Li,COs3), which has been
noted previously.!”!8

The XRPD peaks of a-Fe,O; are broad, indicating
that a reduction of crystal size had occurred as a con-
sequence of milling. From the line broadening, the
crystal size of a-Fe,O3 in the milled samples has been
estimated (see Table 1). It is clear that in the iron rich
sample (LiFesOg) the haematite has reached an equili-
brium crystallite size within 2 h, but for the lower iron
sample (LiFeO,) crystallite size is apparently still being
reduced after 5 h. Presumably, the larger fraction of
lithium carbonate in the LiFeO, mixture is mitigating
the damage to the haematite.

The particle size distribution of the physical mixture
and milled samples were measured. However, since
lithium carbonate was soluble in the water medium
used, the results refer to Fe;O3 only. Fig. 2a reports the
particle size distribution of the as-received haematite. It
can be seen that the distribution is centred at ~3 um
with a shoulder towards higher particle size. The
LiFeO, precursor (2 h milling time, Fig. 2b) has a dis-
tribution centred at ~1 pm with a smaller shoulder
towards higher particle dimensions. The same precursor
milled for 5 h (Fig. 2¢) has a distribution centred at
~(0.8 um, again with a shoulder towards higher particle
size. The reported trend stresses the efficiency of the
milling process in both reducing particle size and in

Table 1
Crystal size of the milled samples

Sample Crystal size (nm)
LiFeO, precursor 2 h milled 34
LiFeO, precursor 5 h milled 17
LiFesOg precursor 2 h milled 14
LiFesOg precursor 5 h milled 14

reagglomerating particles. The agglomeration effect is
enhanced by increasing the milling time.

Fig. 2d shows that the LiFesOg sample mixture milled
2 h has a distribution centred at ~0.9 pm but it also
shows a significant fraction of particles in the 1060 um
range. The same precursor milled for 5 h (Fig. 2e) has a
distribution centred at ~0.8 pm with the most sig-
nificant fraction of particles in the 4-100 um range.
Thus it seems that the efficiency of the agglomeration in
the milling process is enhanced in the LiFesOg pre-
cursor. The greater agglomeration of the LiFesOg was
not unexpected since the probability of two Fe,O3 par-
ticles contacting and rewelding is greater than in the
LiFeO, mixture.

Fig. 3 shows a micrograph of the “LiFeO,” physical
mixture Fig. (3a) along with those of the same mixture
milled for 2 h (Fig. 3b) and 5 h (Fig. 3¢). As would be
expected milling for 2 h milling involves a drastic
reduction in the particle size. The most striking feature
of Fig. 3c is the considerable extent of rewelding that
has occurred by extending the milling to 5 h. The SEM
micrographs of LiFesOg physical mixture and of the
samples milled 2 and 5 h showed very similar results.

3.2. Milled samples reactivity

3.2.1. LiFeO; precursor—non-isothermal experiments

Fig. 4 shows the TGA scans obtained on samples of
LiFeO, precursors which were unmilled (4a), milled 2 h
(4b) and 5 h (4¢). From these, the following can be
proposed:

e A slight mass loss process occurs in the milled
samples, between room temperature and about
250 °C that does not occur in the physical mix-
ture;

e The main process in the milled samples is a sin-
gle-step mass loss between about 250 °C and
600 °C. It has to be noted that this mass loss is
completed at a temperature well below that
where spontaneous decomposition of Li,COj3
occurs (2640 °C). On the contrary, the mass loss
process of the physical mixture starts at about
430 °C and comprises two steps that ended at
about 620 °C and 800 °C respectively;

e By increasing the milling time the process slightly
shifts towards lower temperatures;

e The mass loss of the physical mixture (its mean
value over 6 measurements) is slightly higher than
that of the milled samples and coincides, within
the experimental error, with the expected value.

The mean total mass loss of the 2 h milled sample was
—18.58+0.05% (mean and standard deviation of five
measurements) and —18.45+0.08% for the 5 h milled
sample. The mean values are the same within the



530 V. Berbenni et al. | Journal of the European Ceramic Society 23 (2003) 527-536

6 a) 6 b)
- S
NN <
S 5
2 Z
53 cEy
S
O T T T O T T T
1 10 100 1000 1 10 100 1000
Particle size (um) Particle size (um)
. c)| 4 d)
Q ]
= S 5
= =
= 3 Ep)
= =
O T T T O ) I T
1 10 100 1000 1 10 100 1000
Particle size (um) Particle size (um)
3
e)
—2 1
=
o
E
S 1
O 1 T T
1 10 100 1000

Particle size (pum)

Fig. 2. Particle size distribution of the different precursors. (a) original haematite; (b) LiFeO, 2 h milling; (c) LiFeO, 5 h milling; (d) LiFesOg 2 h
milling; (e) LiFesOg 5 h milling.
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Fig. 3. SEM micrographs of the different precursors. (a) LiFeO, physical mixture; (b) LiFeO, 2 h milling; (c) LiFeO, 5 h milling.

experimental error, and both of them are lower than the
expected value of —18.84% calculated as the mass loss
of the process Li,CO;+ Fe,O3—2LiFeO,+ CO,.

One can hypothesise that these positive experimental-
expected differences are in general due to the impurities
in the starting powders. However, the origin of the
mentioned discrepancies could also be found in the
weight gain arising from the oxidation of Fe;O4 impur-
ity whose presence has been verified by XRPD in the as-
received a-Fe,O5; and/or by the oxydation of Fe which
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Fig. 4. TGA thermograms of: (a) LiFeO, physical mixture; (b)
LiFeO, 2 h milling; (c) LiFeO; 5 h milling.

comes from the milling media. The decreasing trend of
the mass loss with increasing milling time, makes this
last hypothesis the most likely one.

It has been previously said that the mass loss process
starts in the milled samples at room temperature
although the starting chemicals do not contain adsorbed
volatile substances (such as water and/or carbon diox-
ide). Coupling TG analysis with FT-IR spectroscopy
has determined which gases evolved over this early stage
of mass loss (up to 250 °C). Fig. 5 shows the coadded
IR spectra of the gases evolved from TGA between
room temperature and 250 °C for 5 h milled sample (the
sample milled 2 h shows the same behavior). Only car-
bon dioxide is evolved over the entire temperature range
(see the upward pointing bands at 22200 cm~! and
~670 cm~!. On the contrary the absorbance bands
pointing downward refer to water and mean that less
water is present in the system than at the beginning of
the run and this rules out the release of water from the
milled samples. The carbon dioxide released up to
250 °C can only come from Li,CO3; decomposition in
the mechanically activated samples. To support that the
low temperature mass loss is due to an early Li,CO;
decomposition, pure Li,CO3; was milled for 2 and 5 h
and then analyzed by TGA. For both milling times a
continuous mass loss process was evident from room
temperature up to 250 °C (2.4 and 3.6% for the samples
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Fig. 5. Coadded TG/FT-IR spectra of the gases evolved in the temp-
erature range 25-250 °C from LiFeO, precursor milled for 5 h.

milled 2 and 5 h, respectively).! This proves that high
energy milling greatly activates Li,CO3; decomposition.
On the contrary, we cannot prove if the low tempera-
ture Li,CO3 decomposition is followed by LiFeO, for-
mation. As a matter of fact, XRPD patterns of milled
samples heated up to 250 °C, does not show any sig-
nificant difference to those of the as-milled samples.
However it must be taken into account that:

(a) the amount of LiFeO, possibly formed is near to
the detection limit of XRPD;

(b) It is likely that LiFeO, formed at such lower
temperatures would be of amorphous nature.

To go deeper into this point the progress in the reac-
tion was also followed by taking XRPD patterns of
samples of 5 h milled powder that had been heated up
to 400, 450, 500 and 550 °C. From the relevant mass
loss results, the expected% conversion to LiFeO, was
8.3 at 400 °C, 19.1 at 450 °C, 50.0 at 500 °C and 88.2 at
550 °C. However, the LiFeO, reflections were barely
visible only at the highest temperature and there was
only indirect reaction evidence at lower temperatures
with the diminishing intensity of the hematite peaks.
Therefore, although it is clear that lithium ferrite is
produced at all temperatures it is in a microcrystalline
or even amorphous form which cannot be revealed by
XRPD until it has started to undergo crystal growth at
higher temperatures.

The reaction in the milled samples was also examined
by DSC. The relevant DSC thermogram shows an
endothermic peak (onset temperature 416 °C, maximum
temperature 550 °C) with an enthalpy of +47.3 kJ/mol
LiFeO,. DSC measurement were previously per-
formed,” under the same experimental conditions, on a
physical mixture of the same composition and resulted

! The as-received Li,CO; does not show any mass loss up to
T~640 °C.

in an endothermic peak with an enthalpy of +55.6 kJ/
mol LiFeO,. If it is assumed that the 8.3 kJ/mol differ-
ence in enthalpy is due to slow ferrite formation at
temperatures below the peak onset then approximately
14.9% was formed below 416 °C. This value is reason-
able, given the above calculated conversions at 400 and
450 °C were 8.3% and 19.1% respectively.

Another indication of a different reaction route in the
milled samples can be found in the XRPD patterns.
Only the cubic a-LiFeO, (JCPDS file No.17-0938)
forms in the reacted physical mixture,” while a mixture
of all the possible LiFeO, phases [cubic a, tetragonal 3
(JCPDS file No. 17-0936) and tetragonal y (JCPDS file
No. 17-0937)] forms when heating the milled powders at
2 °C/min up to 700 °C (see Fig. 6).

Finally Fig. 7 shows the SEM micrographs of the
reaction product of the physical mixture (Fig. 7a) and
the 2 h (Fig. 7b) and 5 h (Fig. 8c) milled samples after
all of them were recovered at the end of TGA runs of
Fig. 4. It can be seen that both milled samples yield a
very similar microstructure characterised by round par-
ticles and a somewhat large extent of particle welding in
the longer milled samples (Fig. 7c) as expected. In con-
trast, the microstructure of the physical mixture is
completely different showing elongated particles
(Fig. 7a).

3.2.2. Isothermal experiments

LiFeO, formation from mechanically activated pre-
cursors has also been examined by performing iso-
thermal experiments. Namely, the 5 h milled samples
have been heated into the TGA apparatus up to fixed
temperatures (350, 400, 450 and 500 °C, that are all well
below the Li,COj3 onset of spontaneous decomposition)
where they have been maintained for different times.
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Fig. 6. XRPD patterns of the reacted (i.e. heated up to 700 °C)
LiFeO, milled precursors: (a) 2 h milling; (b) 5 h milling. The markers
of Fe,O3 (squares, JCPDS card No. 33-0664), a-LiFeO, (circles,
JCPDS card No. 17-0938), B-LiFeO, (lozenges, JCPDS card No.
17-0936) and vy-LiFeO, (triangles, JCPDS card No. 17-0937) are
indicated.
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Fig. 7. SEM micrographs of the reacted precursors. (a) LiFeO, physical mixture; (b) LiFeO, 2 h milling; (c) LiFeO, 5 h milling.

The mass loss data show that 50% reaction extent is
reached in 1100 min at 400 °C while only about 12 min
are needed at 500 °C. The mass losses at all tempera-
tures have been shown to fit the three-dimensional dif-
fusion equation proposed by Jander.!® The fit is quite
satisfactory: the Jander equation, which applies to dif-
fusion controlled reactions in a spherical particle, is
followed for the entire temperature range and from the
Arrhenius equation an activation energy of 95.7 kJ/mol
LiFeO, has been obtained. The actual physical meaning
of the activation energy is obviously questionable,
however it is clear that the reaction in the mechanically
activated sample has a single stage whose rate is diffu-
sion determined. The physical mixture showed (Fig. 4)
the presence of two stages, the first of which was com-
pleted at about 650 °C (i.e. about the onset temperature
of Li,COj3 spontaneous decomposition) and involved a
mass loss close to that expected for the complete for-
mation of LiFesOg. It could be thought that the reaction
in the physical mixture proceeds in two consecutive
stages, formation of LiFesOg followed by reaction with
excess Li,COj to yield LiFeO,. To investigate this point,
we performed TGA measurements on mixtures milled
under less intense conditions (planetary mill, agate balls,
5 min and 5 h milling). Two stages were still present, the
first one, though starting at lower temperatures than in
the unmilled physical mixture, was still completed by

about 650 °C and showed a mass loss which increased
with milling time. This experimental fact suggests that
the formation of LiFeO, is not due to sequential reac-
tions but due to a different extent of intimate mixing
between lithium carbonate and iron oxide. Such inti-
mate mixing increases with milling time, so shifting
towards lower temperature the Li,CO3; decomposition,
which in turn results from its reaction with Fe,Os5.

102
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Fig. 8. TGA thermograms of (a) LiFesOg physical mixture; (b)
LiFesOg 2 h milling; (c) LiFesOg 5 h milling.
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3.2.3. LiFesOg precursor—non isothermal experiments

Fig. 8 reports the TGA scans obtained on the physical
mixture (Fig. 8a) and samples milled for 2 h (Fig. 8b)
and 5 h (Fig. 8c). The main differences between the
mechanically activated samples and the physical mix-
ture are:

e The presence of a stage of mass loss between
room temperature and about 200 °C. In the
physical mixture, on the contrary, a slight mass
increase takes place up to 425 °C that is likely
due to Fe;04 impurity oxidation;

e A single-step mass loss occurs between about
250 °C and 540 °C for the sample milled 2 h and
between 200 °C and 470 °C after milling for 5 h.
Both end temperatures are well below the onset
temperature of Li,CO; spontaneous decomposi-
tion (R640 °C). In the physical mixture, after the
mentioned mass increase up to 425 °C, the mass
loss process is constituted by two stages ending
at 620 and 770 °C respectively. A further mass
loss, even if a minor one, occurs up to 850 °C
(maximum temperature of the TGA run).

e The mean total mass loss of the sample milled
for 2 h was —5.1540.06%, essentially the same
as the —5.07£0.09% for the 5 h milled powder.
It can be concluded that the following reaction
(for which the expected mass loss is —5.04%) is
taking place:

Li2C03 +5 F6203—>2 LiFesog + C02

As in the case of LiFeO, precursors, TG/FT-IR
measurements have shown that carbon dioxide is

Intensity (arbitrary units)

bl |

W‘W' kl“"”h‘. A M‘l‘ lk\“\wl\u}l‘mv l‘w&«ﬁmm/’}\wm l\w i"w"‘w‘ I!:u“wm.uw
. !l 1

a I ! |

w«M‘w Y PV g i L g

' 30 40 50 60
°29

Fig. 9. XRPD patterns of the reacted (i.e. heated up to 650 °C)
LiFesOg milled precursors: (a) 2 h milling; (b) 5 h milling. The mar-
kers of Fe,O3 (squares, JCPDS card No. 33-0664), a-LiFesOg (cir-
cles, JCPDS card No. 38-0259), B-LiFesOg (lozenges, JCPDS card
No. 17-0114) and $-LiFesOg (triangles, JCPDS card No. 17-0117) are
indicated.

the main gaseous product released over the mass
loss up to 250 °C.

A DSC thermogram of the sample milled for
5 h showed an endothermic peak (onset 384 °C,
peak 429 °C) with an enthalpy of +26.5 kJ/mol
LiFesOg. The already mentioned previous work
reported for a physical mixture of the same
composition (under the same experimental con-
ditions) enthalpy change of +70.2 kJ/mol
LiFesOg.” This is equivalent to 62% of the reaction
occurring prior to the onset of the endotherm; the
TGA measurements indicate that about half of the
reaction had already occurred at 385 °C.

XRPD of the products (Fig. 9) obtained by
heating the milled samples at 2 °C/min up to
650 °C showed both a (cubic JCPDS file No. 38-
0259) and P (cubic disordered modification,
JCPDS file No. 17-0114) LiFesOg phases are
present, 6-LiFesOg (JCPDS file No. 17-0117) did
not apparently form.>

Fig. 10 shows SEM micrographs of the reaction pro-
duct (maximum temperature 850 °C) obtained from the
physical mixture (Fig. 10a) and the powders milled for 2
h (Fig. 10b) and 5 h (Fig. 10c) after they were recovered
at the end of TG runs of Fig. 8. It can be seen that the
two reacted milled samples show a similar micro-
structure where the rounded particles are a little smaller
than those obtained starting from the milled LiFeO,
precursor (Fig. 7b and c). This is likely due to the lower
reaction temperatures for the LiFesOg milled pre-
cursors. A completely different microstructure can be
observed in the reacted physical mixture.

3.2.4. LiFesOg precursor—isothermal experiments

LiFesOg formation from mechanically activated pre-
cursors has also been examined by performing iso-
thermal experiments. Samples milled for 5 h were heated
up to 300, 350, 375 and 400 °C (all below Li,CO;
decomposition) where they have been maintained for
different times. The data shows that 50% completion of
the reaction was reached after 1350 min at 300 °C and
only ~7 min at 400 °C. In this case the mass loss data at
all temperatures fitted the Ginstling—Brounshtein com-
plex diffusion equation which holds for diffusion con-
trolled reactions in a quite complex shaped particle.!”
From the Arrhenius equation an activation energy of
97.0 kJ/mol LiFesOg was obtained, which is essentially
the same activation energy as for LiFeO, formation.
This implies that the rate-determining step was the same
for both reactions.

2 There is also a slight excess of a-Fe>O3 (JCPDS file No. 33-0664)
which may suggest formation of minor amounts of LiFeO,.
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Fig. 10. SEM micrographs of the reacted precursors. (a) LiFesOg physical mixture; (b) LiFesOg 2 h milling; (c¢) LiFesOg 5 h milling.

4. Conclusions

Mechanical activation of the precursors considerably
enhances the reactivity of the solid system analysed and
makes it possible to obtain reaction products at a con-
siderably lower temperature: lithium ferrites (LiFeO,
and LiFesOg) can be obtained at temperatures at least
200 °C lower than in the absence of mechanical activa-
tion. Moreover, both the microstructure and the allo-
tropic ratio of the products, as well as the reaction path,
are affected by mechanical activation. Namely:

e the microstructure of the lithium ferrites formed
starting from the milled sample is quite different
from that of the ferrites obtained from physical
mixtures;

e while only a-LiFeO, and a-LiFes;Og phases form
when starting from the stoichiometric physical
mixtures respectively, a mixture of o, B and
v-LiFeO, and of o and B-LiFesOg forms when
starting from mechanically activated samples of
corresponding composition;

e the formation of both lithium ferrites from the
mechanically activated powders shows only a
single reaction stage whose rate is diffusion con-
trolled. The activation energy values are nearly
the same for both reactions though the kinetic

model is slightly different in the two cases due to
some differences in the particle shapes.
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