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The influence of ball milling and subsequent
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The influence of ball milling and subsequent calcination of a 1:1 molar mixture of «-Fe, 03
and Li,CO3 on the formation of LiFeO, has been investigated. Pre-milling was found to
lower the temperature of ferrite formation by ca. 200°C and a thermally stable y-LiFeO,
phase was found to form in the temperature range 500-600°C. Slow cooling of the
pre-milled mixture calcined at higher temperatures resulted in the formation of some

LiFesOg. © 2002 Kluwer Academic Publishers

1. Introduction

The lithium ferrite of composition LiFeO, has attracted
attention as a potential cathode material in lithium
ion batteries [1-3]. LiFeO, crystallises in three poly-
morphs: a-LiFeO, which adopts a cation disordered
cubic structure, 8-LiFeO, which is a cation disordered
tetragonal structure and y-LiFeO, which is a cation
ordered tetragonal phase [4]. Traditional solid state
synthetic routes for the preparation of LiFeO; involve
the calcination in air of a 1:1 molar mixture of «- or
y-Fe, 03 with either Li;O or Li,CO3 [4-6] for pro-
longed periods of time. The use of mechanical milling
for the preparation of inorganic solids is attracting in-
creasing attention [7, 8] and we report here on the syn-
thesis of LiFeO, by milling an equimolar mixture of
a-Fe;O3 and LipCOj3 prior to calcination in air. We
have also investigated the sensitivity of the ferrite to
the cooling procedure following calcination.

2. Experimental

A mixture (ca. 60 g) of a-Fe,O3 (Fluka, +99%) and
Li;COj3 (Aldrich, +99%) with an iron to lithium ratio
of 1:1 was prepared. Half of the mixture was divided
into three equal amounts. One portion was calcined in
air at temperatures between 400 and 900°C for pe-
riods of 20 hours with the products being quenched
in air. Another portion was calcined at 800°C (20 h)
and the third at 900°C (20 h) and both were slowly
cooled in the furnace. The other half of the mixture
was dry milled in air using a Retsch PM400 planetary
ball mill with stainless steel balls and vials (250 ml) at
a milling speed of 200 rpm. The powder to ball mass
ratio was 1:20. The milled powder was calcined accord-
ing to identical regimes as those used for the unmilled
mixture. X-ray powder diffraction data were recorded
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with a Siemens D5000 diffractometer using Cu K|, ra-
diation. Thermogravimetric analysis (TGA) was per-
formed with a Rheometric Scientific STA 1500 system
using ca. 10 mg of sample and heating in air at a rate of
10°C min~".

3. Results and discussion

3.1. Calcination of the non-milled mixture
of «-Fe;, 03 and Li,CO;

The X-ray powder diffraction patterns recorded from

the non-milled mixture following calcination in air at

different temperatures for 20 h intervals are shown in

Fig. 1.

The X-ray powder diffraction pattern recorded from
the mixture following calcination at 400°C was similar
to that of the initial mixture (Fig. 1a). Similar treatment
at 500°C showed the peaks corresponding to a-Fe, O3
and Li;COj3 to remain dominant (Fig. 1b), however the
appearance of weak reflections which were indexed to
the tetragonal unit cell of y-LiFeO, [9] was indicative
of the onset of reaction between both components at this
temperature. Further heating of the mixture at 600°C
followed by rapid cooling in air (Fig. 1c) led to the
disappearance of peaks corresponding to «-Fe,O3 and
Li,COj3 and the concomitant development of reflections
corresponding to both y-LiFeO, and cubic «-LiFeO,
phases [10].

The X-ray powder diffraction pattern recorded from
the mixture heated at 700°C and quenched in air (Fig. 1d)
showed only peaks corresponding to «-LiFeO,
and thereby demonstrated complete conversion of
y-LiFeO; to «-LiFeO;. The TGA curve recorded from
the reaction mixture (Fig. 2a) showed a mass loss of
ca. 20% to take place at ca. 750°C consistent with
the reaction between «-Fe, O3 and Li,CO;3; according
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Figure 1 (a) X-ray powder diffraction patterns recorded from a non-milled 1:1 molar mixture of LiCO3 and «-Fe;O3 and following calcination
at (b) 500°C (quenched); (c) 600°C (quenched); (d) 700°C (quenched); (e) 800°C (slow cooled); (f) 900°C (quenched). The inset shows the X-ray
powder diffraction pattern recorded from the non-milled 1:1 molar mixture of LiCO3 and «-Fe; O3 after heat treatment at 800°C (20 h) showing the

formation of a small amount of 8-LiFeO; via slow cooling.
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Figure 2 TGA recorded from (a) the non-milled 1:1 molar mixture of Li;CO3 and «-Fe;O3 and (b) the pre-milled 1:1 molar mixture of Li,CO3 and

Ol—FCzO}.

to the equation a-Fe, O3 + Li,CO3; — 2LiFeO, 4+ CO,
which implies a mass loss of 19%. The result suggests
that y-LiFeO; is an intermediate phase at temperatures
between 400 and 700°C and that it undergoes con-
stant conversion to a-LiFeO, within this temperature
range.

The X-ray powder diffraction pattern recorded from
the mixture calcined at 800°C and quenched in air
showed only the presence of the «-LiFeO, phase in
the quenched product. However, slow cooling of the
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product formed at 800°C gave a material from which
the X-ray powder diffraction pattern (Fig. 1e) showed
a splitting of the 200 and 311 peaks at ca. 44° and
63.5° 26 as is observed in the pattern for §-LiFeO,
[3] and indicates that a small amount of «a-LiFeO,
undergoes a tetragonal distortion to B-LiFeO, during
slow cooling. This is more clearly seen in the inset in
Fig. 1. The resultindicates the importance of the cooling
procedure in the formation of different polymorphs of
LiFeO,.
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Figure 3 X-ray powder diffraction patterns recorded from the 1:1 molar mixture of Li;CO3 and «-Fe;O3 milled for (a) 0 h; (b) 50 h; (¢) 75 h; and

(d) 135 h.

The X-ray powder diffraction patterns recorded from
the product heated at 900°C for 20 hours and cooled
rapidly (Fig. 1f) and slowly showed only the presence
of a-LiFeQ,. This result contrasts with that described
by other workers [5] who reported that calcination at
900°C for only 6 hours of an equimolar mixture of
«-Fe; O3 and Li,COs3 followed by quenching resulted
in the partial transformation of «-LiFeO; to LiFe;0s.

3.2. Mechanical milling of a-Fe,03

and LI2CO3
The X-ray powder diffraction patterns recorded from
the equimolar mixture of «-Fe,O3 and Li,COj3 fol-
lowed by mechanical milling for different periods of
time are shown in Fig. 3.

The results show that after 50 hours of milling
(Fig. 3b), the peaks characteristic of «-Fe,O3; and
Li;COj3 decrease in intensity and begin to broaden. The
crystallite size of the «-Fe, O3 phase determined by the
Scherrer method from the X-ray powder diffraction data
decreased from ca. 440 nm to ca. 20 nm after milling
for 50 hours. No significant change in the crystallite
size was achieved by subsequent milling for 75 hours
(Fig. 3c) and 135 hours (Fig. 3d). Given the nature of
mechanical milling, the results suggest that high sur-
face area particles of Li,CO3 and «-Fe;O3 are formed
by milling for periods of time exceeding 50 hours and
it would be reasonable to expect these particles to be
tightly pressed together with a large interface between
the reactant particles.

3.3. Calcination of the pre-milled mixture

of a-Fe203 and LI2CO3
The X-ray powder diffraction patterns recorded from
the mixture of Li,CO; and «a-Fe,O3; milled for
135 hours and subsequently calcined according to a

similar regime used for the non-milled mixture are
shown in Fig. 4.

Heating the pre-milled mixture at 400°C followed by
quenching in air (Fig. 4a) resulted in the appearance of
a broad peak of low intensity at ca. 43-44° 26 in the
X-ray powder diffraction pattern. A comparison of this
result with that obtained from the non-milled mixture
calcined at the same temperature shows that pre-milling
of the reactants lowers the temperature at which they
begin to react by ca. 100°C.

The influence of milling on the reactivity of the
pre-milled powder at higher temperatures is illustrated
by the X-ray powder diffraction data recorded after
treatment at 500°C followed by quenching in air
(Fig. 4b). The pattern can be indexed to the tetragonal
y-LiFeO; phase, suggesting that the reaction between
Li,CO3 and «a-Fe; 03 is almost complete at ca. 500°C.
These results contrast with that recorded from the
non-milled mixture when heated at 500°C (Fig. Ic) in
which only a small amount of y-LiFeO, was formed.
The result was confirmed by TGA (Fig. 2b) which
showed the mass loss to be complete at ca. 550°C as
compared to ca. 750°C in the case of the non-milled
mixture (Fig. 2a) and leads to the general conclusion
that pre-milling of the reactants not only lowers the
temperature of the onset of LiFeO, formation by ca.
100°C, but also lowers the temperature at which the
formation of LiFeO, is complete by ca. 200°C. The
results also demonstrate that calcination at ca. 500°C
in air of a pre-milled equimolar mixture of a-Fe;O3
and Li,COj gives monophasic y-LiFeO, by a solid
state reaction and with a crystallite size determined
from the X-ray powder diffraction data of ca. 85 nm.

The X-ray powder diffraction data showed no fur-
ther change in the phase composition following sub-
sequent heat treatment at 600°C and rapid quenching.
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Figure 4 X-ray powder diffraction patterns recorded from a 1:1 molar mixture of LioCO3 and «-Fe; O3 pre-milled for 135 h and following calcination
at (a) 400°C (quenched); (b) 500°C (quenched); (c) 700°C (quenched); (d) 800°C (slow cooled). The inset shows the X-ray powder diffraction pattern
recorded from the milled 1:1 molar mixture of Li;CO3 and «-Fe; O3 after heat treatment at 800°C (20 h) showing the formation of a small amount
of LiFesOg via slow cooling. The arrows refer to reflection peaks characteristic of LiFesOsg.

Comparing these results with those obtained from the
non-milled mixture following similar thermal treatment
shows that pre-milling of the reactants leads to the
formation of a single y-LiFeO, phase which is sta-
ble in the temperature range 500-600°C. We note that
other workers [4] have been unable to obtain a single
y-LiFeO, phase from a non-milled Li;CO; and
a-Fe, O3 mixture. The formation of a monophasic ther-
mally stable y-LiFeO, phase may therefore be associ-
ated with the pre-milling of the reactants. Although sin-
gle phase we were unable to confirm the degree of order
of the lithium and iron ions over the cationic sub-lattice.
The pattern is more similar to that of ordered y-LiFeO,
[9] but attempts to refine the pattern to this structure
were not completely successful and indicate that some
fraction of the y-LiFeO; is in the disordered state.
Further heating of the pre-milled mixture to 700°C
followed by rapid cooling in air resulted in a phase tran-
sition from y - to a-LiFeO, (Fig. 4c) and was similar to
the result observed in the non-milled mixture follow-
ing calcination at 700°C. The X-ray powder diffrac-
tion patterns recorded from the pre-milled mixture fol-
lowing heating at 800°C and 900°C and subsequently
quenched in air showed the a-LiFeO; phase to remain
unchanged as was also observed when the non-milled
mixture was rapidly cooled from similar temperatures
(Fig. 1f). However, when the pre-milled mixture was
slowly cooled in the furnace following calcination at
800°C and 900°C (Fig. 4d) the formation of a very
small amount of LiFesOg was observed. This may be
clearly seen in the inset to Fig. 4 where the arrows indi-
cate the peaks characteristic of spinel-related LiFe5;Og
in the X-ray powder diffraction pattern of the mate-
rial slowly cooled from 800°C. The result contrasts
with that recorded from the non-milled mixture follow-
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ing slow cooling from elevated temperatures (Fig. le)
where only polymorphs of LiFeO, were obtained. The
result also contrasts with the work of others [5] who
reported that quenching was required for the formation
of LiFe508 .

4. Conclusion

Pre-milling of a mixture of «-Fe,O3; and Li,COj
lowers the temperature at which LiFeO, is formed
by ca.200°C. A thermally stable y-LiFeO, phase is
formed at temperatures below 500 and 600°C. The slow
cooling of the pre-milled mixture which had been cal-
cined at elevated temperatures resulted in the formation
of some LiFesOg.
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