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Rechargeable lithium-ion batteries are becoming increasingly
important as power sources for a multitude of portable consumer
electronics. Currently the material of choice for the cathode materi-
al is LiCoO2, which although having good capacity and recharge-
ability, suffers from the high cost and environmental toxicity of
cobalt. Consequently, much effort has been put into developing alter-
natives. At present, the materials most likely to succeed in future
commercial applications are LiNiO2, LiMn2O4, LiMnO2, and relat-
ed substituted systems.1 Manganese-based compounds are particu-
larly attractive due to the low cost and toxicity of manganese, so a
wide range of compounds of that element has been studied.2

LiMn2O4 spinel in particular came to prominence in the early
1980s after it was demonstrated that lithium ions could be reversibly
intercalated into LiMn2O4.3,4 The material exhibits a two-stage
charge/discharge at 3 and 4 V vs. Li, yielding a theoretical capacity
of 296 mAh/g. However, it suffered from a number of practical prob-
lems, many of which have been overcome in the intervening years.
The most troubling was the spinel’s lack of long-term cyclability,
shown by a marked fade in discharge capacity with cycle number.2

This was attributed to a number of factors, including manganese dis-
solution,5 electrolyte decomposition,5 and microstructural fatigue
brought about by a Jahn-Teller induced cubic-tetragonal transition.2

Limiting the cycling to the 4 V plateau reduced but did not eliminate
this structural distortion, as well as reducing the available theoretical
capacity to 148 mAh/g. Substitution of some of the manganese for
another element, e.g., excess Li, keeps the manganese oxidation state
above 3.5 during cycling over the 4 V plateau, thus eliminating the
Jahn-Teller distortion on discharge. This, together with an improved
understanding of materials synthesis and processing,6,7 has led to the
achievement of good room-temperature cyclability with substituted
spinel. However, its poor cyclability at elevated temperatures typi-
cally found in laptop computers, electric vehicles, etc., is an obsta-
cle to its widespread introduction as a commercial cathode material.
This mode of failure has been associated with accelerated man-
ganese dissolution and formation of a protonated l-MnO2 phase,8

and efforts to combat the problem have resorted to more exotic tech-
niques than simple cation substitution. 

Fluorination as a means to change the structure and electronic
properties of oxides became an established technique in the field of
high-temperature cuprate superconductors.9 Fluorine’s ability to sta-
bilize metastable structures made it a natural substituent in the quest

for improved high-temperature storage and cycling of the lithium
manganese spinels.10-12

An alternative approach is the use of a barrier layer on the spinel
particles to prevent contact with the nonaqueous electrolyte.13 To
date, much progress has been made, but further improvements in the
elevated temperature performance of spinel are still required.

Analytical and organic chemists have used microwave irradiation
for some time and have established that dissolution and reaction
rates can be significantly enhanced. The absorption of microwaves
by a liquid, particularly water, is an everyday experience, and it is
not surprising that laboratory applications of this effect were devel-
oped. However, the absorption of microwaves by solids and subse-
quent heating is not as intuitively obvious, the first systematic study
of such effects on inorganic minerals and compounds being carried
out in the mid-1980s.14 The effect of microwaves varies greatly from
material to material. As may be seen in Table 1, some materials such
as SiO2 show little or no heating, whereas others show dramatic tem-
perature increases in a very short period of time. Microwave heating
in solids is usually caused by dielectric and/or resistive losses with-
in the material. Interest in the technique stems partly from the in-
creased efficiency of processing. Magnetrons (the most common
microwave source) have an efficiency of only 60%, but reactions can
be accelerated to such an extent that substantial energy savings could
be accrued. 

Sintering of certain ceramic materials using microwave irradia-
tion has been found to achieve beneficial results in terms of particle
size, sintering temperature and firing time,15 although the use of
microwave irradiation in solid-state synthesis has been somewhat
limited. Most work has concentrated on reactions that include reac-
tants that absorb microwaves at room temperature. A notable exam-
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Table I. Effect of microwave heating on 5 g of some

reagent-grade materials. 

Material Temp (8C) Time (min) Material Temp (8C) Time (min)

C (amorph) 1283 111. CuO 1012 6.25
<1 mm

C (graphite 1073 1.75 Co2O3 1290 311.
<1 mm

C (graphite) 1780 611. b-MnO2 1287 611.
200 mesh

SiO2 1179 711. NiO 1305 6.25
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ple of this is the synthesis of cuprate superconductors, in which the
CuO reactant absorbs heats rapidly.16,17 Recently however, an
increasing number of papers have appeared in which separate sus-
ceptor materials (usually graphite) are used to heat reactant mixtures
which themselves do not absorb microwaves, producing materials
such as titanates.18

There is still controversy over the existence of a “microwave
effect.” Numerous papers cite reduced reaction/sintering tempera-
tures,19,20 often attributed to a lowering of the reaction’s activation
energy. Some disagreements resulted from these assertions,21,22 the
bases of which were often the practical difficulties of measuring
temperatures in a microwave cavity. However, a recent theoretical
treatment of the problem has concluded that such an effect exists,
relating to increased mass transport.23

Microwave heating of solid materials may present a unique phe-
nomenon known as “thermal runaway,” which has no counterpart in
conventional heating. The origin of this effect is the variation of the
loss tangent (i.e., efficiency of microwave absorption) with temper-
ature. In some materials this increases sharply with temperature (see
Fig. 1), leading to a positive feedback loop. This may cause uncon-
trolled heating and melting within a sample, often with deleterious
results for the material’s properties. Where this is a problem for a
particular material very careful control of the sample temperature
must be maintained.

Given the problems presented by the possibility of thermal run-
away, it is unfortunate that one of the main difficulties encountered
when carrying out microwave syntheses is temperature measurement
and control. The use of thermocouples is not straightforward and
requires careful design and grounding to avoid inducing large volt-
ages through interaction with the intense electromagnetic field.
Infrared pyrometry can avoid many of these problems but suffers
from the limitations of measuring only the surface temperature.24

Studies have shown that the surface temperature can be considerably
less than that of the bulk.24

Little has appeared in the literature regarding microwave synthe-
sis of lithium battery cathode materials. The first were two papers on
the synthesis and electrochemical properties of microwave-synthe-
sized LiCoO2.25,26 The synthesis work was carried out in a custom-
built “single mode” (i.e., single wavelength) system that is quite dif-
ferent from the multimode system (i.e., a range of wavelengths) used
in this work. 

Of the manganese-based cathode materials, LiMn2O4 should be
the easiest to produce as oxidation is less of a problem than with other
materials, where close control of the manganese oxidation state is
required. A patent was issued in 1998 regarding the microwave syn-
thesis of LiMn2O4,27 although this work to date has not been fol-
lowed up by publication in a journal. The X-ray diffraction (XRD)

pattern presented in the patent suggests that this material was not very
pure with significant Li2MnO3 content. Microwave synthesis of pure
LiMn2O4 is claimed by Rao et al., although no results are present-
ed.28 It is stated that using LiI as a starting material resulted in the for-
mation of an iodine shroud, facilitating the production of pure mate-
rial. This is probably correct, although the use of elemental iodine
vapor limits the use of the method to small-scale synthesis and
requires the use of efficient fume extraction due to safety concerns. 

Very recently Yan et al. have followed up their work on LiCoO2
with a paper describing microwave synthesis of stoichiometric
LiMn2O4.29 Using LiOH?H2O and MnO2 (CMD), they produced
material with the same particle shape and shape (10-40 mm) as the
starting CMD. Temperature measurements were taken using an
infrared pyrometer, and the optimum temperature range for synthe-
sis was determined as 700-7508C. As mentioned previously infrared
pyrometry can underestimate the bulk temperature, and accurate
measurements require that the emissivity of the material over the
entire temperature range be known.24 However, this is a minor criti-
cism as temperature measurement in a microwave cavity is not
straightforward; indeed, in this work it was felt that the necessary
modifications to the oven were not practical. Consequently, temper-
ature measurements for the current syntheses will have to await the
acquisition of a specialized system.

The initial discharge of their material was 120 mAh/g cycling
between 3.5 and 4.5 V vs. lithium metal. Unfortunately, they did not
present results on extended cycling vs. lithium but did demonstrate
that the material performed reasonably well in a lithium-ion cell
with a graphite anode over 300 cycles.

Strangely, noone to date has reported the synthesis of lithium-
rich material, i.e., Li11xMn22xO4 with x > 0, as this material has
more useful electrochemical characteristics for use in a cathode. A
possible reason for this is that the presence of excess Li makes the
formation of unwanted Li2MnO3 more likely, making phase pure
material more difficult to obtain.

Presented in this paper are results from work studying the feasi-
bility of using microwave irradiation as a means of producing useful
electrode materials. The synthesis and physical characterization of
lithium-rich and fluorinated spinels are described. Details of the
structural and electrochemical characterization of these materials
will appear in a future paper.

Experimental

Experiments were carried out using a metal-lined domestic
800 W microwave oven. To facilitate the reaction of materials which
do not absorb microwaves, a dual crucible system was devised using
a secondary susceptor. A schematic diagram of the crucible system
is shown in Fig. 2.

Unlike most of the papers in the literature,18,30 CuO was chosen
as the susceptor as opposed to graphite. This has a number of advan-
tages over the more commonly used graphite. CuO partially sinters,
producing a “mold” for the inner crucible to be placed in. The CuO
is not consumed during the heating, unlike graphite when heated in
air, which is accompanied by the risk of CO production. The disad-
vantages of CuO vs. graphite are that the heating rate and achievable
temperature are not as high (see Table I), but the relevance of these
facts depends on the desired reaction conditions.

Reactants used in the work were Mn2O3 (Aldrich), b-MnO2
(Aldrich), g-MnOOH (Chemetals), LiOH?H2O (Anachemica), and
LiF (Aldrich).

To date all published data on microwave syntheses of LiMn2O4
have used MnO2 as the Mn source because of its favorable micro-
wave absorption characteristics. The initial work in this study used
b-MnO2 for the same reason.

The stoichiometries studied were chosen to have a manganese
oxidation state above 13.5 (13.53 for Li1.025Mn1.975O4, 13.54 for
Li1.05Mn1.95O3.95F0.05, and 13.65 for Li1.15Mn1.85O3.9F0.1). These
values correspond to theoretical capacities over the 4 V plateau of
139, 136, and 104 mAh/g, respectively. 

Figure 1. Temperature with time for NiO, Cr2O3, and SiO2 irradiated with
microwaves at 2.45 GHz using a power of 800 W. 
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Samples were prepared by mixing/grinding reagents of the re-
quired stoichiometry in a pestle and mortar with an acetone/ethanol
mixture. This was repeated, and once dry, the mixture was placed into
a small zirconia crucible. This crucible was then positioned within the
larger quartz crucible in the arrangement seen in Fig. 2. The porcelain
lid served the dual purposes of reducing heat loss from the sample
surface and reducing air circulation within the zirconia crucible. The
whole assembly was finally placed onto a firebrick on the microwave
turntable. During processing the crucible was “off-center” in the
microwave oven to minimize the formation of hot-spots due to stand-
ing waves in the microwave field within the cavity.

The high-temperature materials were synthesized in a one-step
process. When using b-MnO2, power was applied for 25 min. Syn-
theses with Mn2O3 and g-MnOOH used a simulated ramp-soak pro-
cedure, where the applied power was reduced after 9.5 min and 9
min with a total of 39.5 and 39 min for unfluorinated and fluorinat-
ed materials, respectively. The heating rate of the materials was so
rapid that such a small change in the initial heating did make a
noticeable difference to the final product.

The low-temperature materials were heated with a constant low
power in 30 min stages with intermediate grindings. Unfluorinated
and fluorinated materials were heated until phase pure, which were
3 and 2 h, respectively, for the two types of material. 

An attempt was made to roughly ascertain the temperatures
achieved during high-power application. The anatase-rutile phase
transition was used to determine whether the microwave crucible
setup in Fig. 2 reached the temperature of this transition, ,9008C.
Using high power the rutile phase could be identified by XRD with 15
min firing at full power. This approach is complicated by a reported
1008C reduction in the phase transformation temperature with micro-
wave heating.31 The same paper also describes the marked accelera-
tion of this normally sluggish phase transition with microwave com-
pared to conventional heating. Together with the glowing CuO visible
in the crucible, this would suggest a temperature in the range 800-
9508C, depending on whether the accelerated rutile formation is the
result of a “microwave effect” or highly elevated temperatures.

Powder X-ray data were obtained using Cu Ka radiation with a
Scintag XDS-2000 system with a diffracted beam graphite mono-
chromator. Preliminary refinements of lattice parameters, and simu-
lations of cation mixing were performed using a beta version of
Powder Cell 2.0.32 Lattice parameters were refined and preliminary

structure analysis performed using the General Structure Analysis
System package.33

Fourier transform infrared (FTIR) spectroscopy was performed
on samples using a MIDAC M1200-SP3 spectrometer. The data was
collected from conventional pressed KBr disks in the range 400-
4000 cm21. Particle size analysis was carried out using a Horiba LA-
920 laser scattering particle size analyzer. Analyses were done both
with and without in situ sonication in 0.1% sodium pyrophosphate
solution. The data was analyzed assuming a refractive index of 1.19.
Surface area analysis data were collected using a Micromeritics
ASAP 2000 system with krypton gas. Differential scanning
calorimetry (DSC) was carried out using a DuPont model 2910
calorimeter. The data were collected between room temperature and
2008C using a ramp rate of 58C/min.

Analysis for lithium and manganese content were carried out
using a Varian SpectrAA 800 spectrometer. Lithium was determined
by emission and manganese by absorption for optimum sensitivity.
Oxygen content was derived by difference. Scanning electron micro-
scopy (SEM) analysis was performed with a JOEL JSM 5300 scan-
ning electron microscope with an accelerating voltage of 20 kV. The
powder samples were sonicated in isopropanol for approximately
10 min. A sample of the suspension was placed onto a glass slide
cover and gold-coated prior to examination. 

Results and Discussion

High-temperature synthesis.—Synthesis of Li1.025Mn1.975O4
using MnO2 and LiOH?H2O proceeded very rapidly, as shown in
Fig. 3. Unfortunately, Li2MnO3 and/or Mn3O4 were always present
as minor phases, which were never completely eliminated. Their
presence suggested that high-temperatures were generated during
the process, as these are expected high temperature decomposition
products of the spinel.34 The formation of crystalline LiMnO2 early
in the reaction supports this hypothesis. The typical a lattice para-
meter of the spinel material obtained was 8.23 Å. Although
Li2MnO3 as marked in Fig. 3 was barely visible after 25 min, the
fraction of this phase increased dramatically with further heating.

The particles obtained from this processing were relatively large,
which was unsurprising given the particle size of the source b-MnO2
(260 to 1230 mesh). SEM (Fig. 4) showed many of the particles to
be heavily fissured, probably due to extreme stresses during the
rapid heating. 

Figure 2. Crucible arrangement for microwave powder synthesis.
Figure 3. Evolution of X-ray powder diffraction with microwave processing
time of b-MnO2 and LiOH?H2O.
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Given that the material obtained using b-MnO2 had significant
amounts of parasitic phases present, and the problems encountered
with overheating, efforts shifted to other Mn sources. Neither Mn2O3
nor g-MnOOH absorb microwaves to any significant degree, there-
fore, the dual-crucible arrangement was crucial to the syntheses. Ini-
tial efforts concentrated on duplicating the high-temperature
b-MnO2 synthesis.

Figure 5 shows the X-ray powder diffraction patterns for
Li1.025Mn1.975O4 synthesized in 39 min from Mn2O3 and g-MnOOH,
and Li1.05Mn1.95O3.95F0.05 synthesized from Mn2O3 and LiF in the
same time. The materials exhibited marked differences in the relative
111, 311, and 400 intensities. By inspection, this would likely corre-
spond to differences in cation ordering, particularly the presence of
Mn on the Li site. This is supported by preliminary refinements in the
cubic Fd3wm cell, which suggest Mn fractions of ,13, 7, and 6% on
the Li sites in Li1.025Mn1.975O4(Mn2O3), Li1.05Mn1.95O3.95F0.05, and
Li1.025Mn1.975O4(g-MnOOH), respectively. The addition of a small
quantity of fluorine appears to reduce cation mixing, and the data is

suggestive of a more crystalline material, i.e., a smaller full width at
half maximum (fwhm) in this case.

The refined lattice parameters of the materials are seen in
Table II. Each of the lattice parameters was larger than one would
expect given the materials’ nominal stoichiometries. This was most
pronounced for Li1.025Mn1.975O4 synthesized with g-MnOOH. This
suggests quenching behavior during cooling,34,35 although the pres-
ence of unmodeled secondary phases such as Li2MnO3 distorting
major peak profiles in GSAS full pattern fitting could contribute
toward a small shift in refined values. All of the samples when ana-
lyzed by atomic absorption spectroscopy and Auger electron spec-
troscopy (AAS/AES) yielded nominal stoichiometries within the
errors of the technique.

When one looks at the SEM pictures for the unfluorinated mate-
rials, as seen in Fig. 6a and b, there is a striking difference between
the particle morphologies. Considering that g-MnOOH is known to
decompose to b-MnO2 in air at 3008C36 this is not too surprising. The
higher temperatures attained due to improved microwave absorption
by the sample would lead to enhanced grain growth. This would also
produce more pronounced quenching on cooling, thus leading to the
larger a lattice parameter observed in the X-ray data.34,35

The SEM of the fluorinated material in Fig. 6c shows larger and
more well defined crystallites than Fig. 6a. Halide salts are known to
be effective mineralizing agents and are often used as a flux in crys-
tal growth.37 It is likely that the small quantity of LiF could act in a
similar fashion. This raises the question of whether the fluoride ions
actively enter the spinel crystal lattice or remain on the crystallite
surfaces as a simple fluoride salt. Unfortunately, oxygen and fluorine
have very similar X-ray form factors and neutron scattering
lengths;38 therefore, it is impossible to answer this definitively with
conventional diffraction techniques. Techniques such as X-ray
absorption fine structure (XAFS) and anomalous dispersive diffrac-
tion could separate them but are beyond the scope of this initial
investigation. 

Table III shows the particle sizes of the samples shown in Fig. 6
and the manganese sources. Figure 7 shows the corresponding vol-
ume frequency of the particle size distributions. This data agrees
well with the observed differences in particle size by SEM, both the
addition of fluorine and use of g-MnOOH leading to significantly
larger particle sizes. The mean and modal particle sizes of the fluo-
rinated material were significantly different due to the bimodal
nature of the distribution. This leads to the possibility of using fluo-
rine as a method for controlling morphology and particle size as well
as electrochemical and structural properties.

The high-temperature materials exhibited an infrared spectrum as
shown in Fig. 8, with two strong absorption bands at 515 and
614 cm21. These agree well with literature values for LiMn2O4.39,40

The cooling rate of the crucibles could not be controlled in the
microwave oven, the rate being determined by their thermal mass
and temperature. Typically an experiment cooled sufficiently after
20-25 min that it could be removed from the oven. With this appara-
tus the only way to control the initial cooling rate was varying the
crucible temperature. Therefore materials synthesized at a lower
temperature would be less likely to exhibit characteristics typical of
quenching, i.e., large a lattice parameter together with significant
cation mixing.

Low-temperature synthesis.—Each of the low-temperature syn-
thesized materials exhibited a typical spinel-type XRD pattern as

Figure 4. SEM micrograph of Li1.025Mn1.975O4 synthesized using b-MnO2
and LiOH?H2O.

Figure 5. Normalized XRD patterns of Li1.025Mn1.975O4 synthesized at high
temperature from LiOH?H2O, Mn2O3, and g-MnOOH, and
Li1.05Mn1.95O3.95F0.05 synthesized with LiOH?H2O, Mn2O3, and LiF.

Table II. Cubic a lattice parameters for the high-temperature

synthesized materials.

Material Lattice parameter a (Å)

Li1.025Mn1.975O4-Mn2O3 8.23793(19)
Li1.025Mn1.975O4-g-MnOOH 8.24949(32)
Li1.05Mn1.95O3.95F0.05 8.24243(24)
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demonstrated in Fig. 9. In each case the 111/311/400 cubic reflec-
tions did not show obvious gross cation mixing. Preliminary refine-
ments showed that the patterns fit best to the orthorhombic Fddd

space group (a subgroup of Fd3wm), which exhibits tripling of the a
and b axes.41 Table IV shows the refined cubic and corresponding
orthorhombic lattice parameters for each of the materials. To simpli-
fy comparison with the cubic Fd3wm space group, the superstructure
has been ignored, the orthorhombic parameters being expressed as
a/3, b/3, and c. In laboratory X-ray data the superstructure reflec-
tions are not visible, so for these purposes the simplification is not
unreasonable. It can be seen that there was a decrease in both cubic
and orthorhombic lattice parameters with increasing fluorine con-

Figure 6. SEM micrographs of (a, top) Li1.025Mn1.975O4 synthesized from
LiOH?H2O 1 Mn2O3, (b, center) Li1.025Mn1.975O4 synthesized from
LiOH?H2O 1 g-MnOOH, and (c, bottom) Li1.05Mn1.95O3.95F0.05 synthesized
from Mn2O3 1 LiOH?H2O 1 LiF.

Table III. Particle sizes of the high-temperature synthesized

materials together with the Mn reactants.

Material Mean particle Modal particle
size volume size volume

distribution (mm) distribution (mm)

Aldrich Mn2O3 13.0 13.2
Chemetals g-MnOOH 10.9 10.5
Li1.025Mn1.975O4 (Mn2O3) 16.0 16.3
Li1.025Mn1.975O4 (g-MnOOH) 20.6 21.3
Li1.05Mn1.95O3.95F0.05 29.4 55.4

(Mn2O3 1 LiF)

Figure 7. Volume distribution of the particle size analysis for high-tempera-
ture (HT) synthesized Li1.025Mn1.975O4 and HT-Li1.05Mn1.95O3.95F0.05.

Figure 8. FTIR spectrum of HT-Li1.025Mn1.975O4 synthesized using
LiOH?H2O 1 Mn2O3.

Downloaded 11 May 2009 to 132.246.79.102. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 147 (12) 4476-4484 (2000) 4481
S0013-4651(00)07-029-4 CCC: $7.00  © The Electrochemical Society, Inc.

tent. This would be expected due to the increasing nominal man-
ganese oxidation state of the stoichiometries. The apparent or-
thorhombic distortion of the materials also decreased slightly with
increasing fluorine content, which in this case is equivalent to
increasing manganese oxidation state.

The pseudo-cubic a parameters for Li1.025Mn1.975O4 and
Li1.05Mn1.95O3.95F0.05 corresponded closely to those expected from
their nominal average manganese oxidation states. a for low-tem-
perature (LT)-Li1.025Mn1.975O4 did not differ significantly from that
of high-temperature (HT)-Li1.025Mn1.975O4 synthesized with
Mn2O3. The lattice parameter for Li1.15Mn1.85O3.9F0.1 was that
expected from an oxidation state of approximately 13.57 42 rather
than the nominal 13.65. This could be explained by an incomplete
reaction, which was possible given the low synthesis temperature
and the difficulties in detecting low levels of secondary phases by
laboratory X-ray powder diffraction. 

Atomic absorption/emission results for each of the materials are
shown in Table V. The Li:Mn ratios were calculated from a fixed
manganese value. It can be seen that each of the materials was close
to its nominal stoichiometry within error. In no instance was there
any detectable lithium loss during processing.

SEM micrographs in Fig. 10a and b show that the LT-
Li1.025Mn1.975O4 retained the particle size and shape of the g-
MnOOH reactant. The addition of fluorine in this case made little
difference to the particle size or shape, as seen in Fig. 10c and d.
This was probably due to the lower synthesis temperature. It can be
seen that the needle-shaped particles were approximately 1.2 mm
long by 0.2 mm wide. This agrees well with the number distribution
of the particle size, seen in Fig. 11, which gave a median of 0.45 mm
assuming a spherical particle shape. Although the volume distribu-
tion is most commonly quoted in literature, it is often useful to com-
pare SEM micrographs with the number distribution. Volume distri-
butions are heavily biased by small numbers of large agglomerates.

Unusual LiMn2O4 particle morphologies have been reported pre-
viously.7,43 Ammundsen et al. used self-assembling surfactants in a
sol-gel process,43 while Larcher et al. used polyol precursors to pro-
duce plate-like particles.7 The synthetic simplicity of the microwave
technique to synthesize such particles contrasts markedly with the
intricacies of the two solution-based methods. 

Results of Brunauer-Emmett-Teller (BET) surface area analyses
are shown in Table VI. The values obtained were lower than one
would expect from examining the micrographs in Fig. 10 and are in
fact smaller than spinel made from g-MnOOH in a conventional
low-temperature solid-state process.44 In this case the surface area
was dominated by a relatively small number of large particles, as
reflected in the volume particle distributions in Table VII. Spinel
particles of a small size are generally thought of as vulnerable to
manganese dissolution due to their high surface area to volume ratio.
The results from the number distribution of the particle sizes suggest
that localized manganese dissolution might be a bigger issue than
both the volume distribution and BET results suggest. The agglom-
erates present in the LT-Li1.025Mn1.975O4 were loosely bound and
could be broken up relatively easily by the application of ultrasonic
energy, as demonstrated in Fig. 12. 

Infrared spectroscopy should theoretically be able to detect the
changes brought about by the fluorine substitution. The presence of
fluorine would cause a shift in the Mn-O(F) absorptions brought
about by changes in the average bond energies. In these materials the
situation is complicated by the simultaneous substitution of Li onto
the Mn site, yielding different average Mn oxidation states. The Mn
oxidation states within Li1.025Mn1.975O4 and Li1.15Mn1.975O3.9F0.1
are different as evidenced by their pseudo-cubic lattice parameters
(8.212 vs. 8.239 Å); therefore, it was useful to see if any shifts in the
IR absorptions were detectable. 

As seen in Fig. 13, a very slight shift is observed in the band at
614 cm21 to a higher energy (630 cm21) in the fluorinated material.
With the limitations of FTIR, a shift of this magnitude with an in-
strument with 4 cm21 resolution is not conclusive, however, it is
consistent with the higher manganese oxidation state of the fluori-
nated material. The weak absorption band at approximately
1120 cm21 is due to trace amounts of g-MnOOH, which exhibits a
triplet in this region.36

This trace presence of g-MnOOH in the IR, and absence of b-
MnO2 in any of the X-rays, provide clues as to temperature condi-
tions present during low-temperature synthesis. However, the situa-
tion is complicated by the large variation in decomposition behavior
of g-MnOOH with oxygen partial pressure.45 Although the crucibles
were not sealed in inert gas, their construction with the porcelain lid
may lead to purging of the atmosphere within the crucible from
steam driven off the LiOH?H2O, leading to uncertainty in the level
of available oxygen. 

In air, g-MnOOH decomposes to b-MnO2 at 3008C, which then
decomposes to Mn2O3 at 6008C.45 However this is known to drop to
,4858C in the presence of LiOH.46 With a reduced oxygen partial
pressure, g-MnOOH decomposes to Mn2O3 at 3008C as opposed to
b-MnO2.45 The microwave absorption characteristics of b-MnO2
and Mn2O3 differ greatly. If b-MnO2 was produced then the tem-
perature could have risen to its decomposition temperature due to

Figure 9. Normalized XRD patterns for LT-Li1.025Mn1.975O4, LT-
Li1.05Mn1.95O3.95F0.05, and LT-Li1.15Mn1.85O3.9F0.1.

Table V. Atomic absorption analysis results for low-temperature

Li1.025Mn1.975O4, Li1.05Mn1.95O3.95F0.05, and Li1.15Mn1.85O3.9F0.1.

Material–Nominal
stoichiometry Measured stoichiometry

Li1.025Mn1.975O4 Li1.0460.07Mn2.0060.08O3.9160.18
Relative to Mn 5 2.0

Li1.05Mn1.95O3.95F0.05 Li1.1460.09Mn1.9560.09O3.9360.21F0.05
Relative to Mn 5 1.95 and F 5 0.05

Li1.15Mn1.85O3.9F0.1 Li1.2860.10Mn1.8560.08O3.8360.20F0.1
Relative to Mn 5 1.85 and F 5 0.1

Table IV. Refined pseudo-cubic and “normalized” orthorhombic

lattice parameters for the low-temperature synthesized

materials.

Material Fd3wm a Fddd lattice
parameter parameters (Å) Fddd

(Å) a/3, b/3, and c c/(a/3)

Li1.025Mn1.975O4 8.2358 8.256, 8.235, 8.218 0.9954
Li1.05Mn1.95O3.95F0.05 8.2220 8.242, 8.221, 8.208 0.9959
Li1.15Mn1.85O3.9F0.1 8.2118 8.236, 8.201, 8.205 0.9962
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efficient microwave energy absorption, producing Mn2O3. Mn2O3 is
a poor microwave absorber at lower temperatures, so it must rely on

the CuO secondary susceptor to provide the necessary energy. The
behaviors of Mn2O3 and LiMn2O4 in a microwave field at elevated
temperatures have never been measured; therefore, it is impossible
to say whether they contribute further to the heating provided by
CuO at higher temperatures. Once again, the possible influence of a
electromagnetic field on thermal decomposition temperatures and
mechanisms add further uncertainty.47 Assuming oxygen levels sim-
ilar to air in the crucible, together with the absence of a visible glow
in the CuO, one may speculate that the maximum peak temperature
reached in the crucible was in the region of 5008C, although the pres-
ence of g-MnOOH in the IR spectra would suggest that such tem-
peratures could not have endured for a long period.

Figure 14 shows DSC results for (a) LT-Li1.15Mn1.85O3.9F0.1 and
(b) LT-Li1.025Mn1.975O4. LT-Li1.025Mn1.975O4 exhibited a weak
endotherm between 105 and 1258C. Given its proximity to 1008C

Figure 10. SEM micrographs of (a, top left) g-MnOOH, (b, top right) LT-Li1.025Mn1.975O4, (c, bottom left) LT-Li1.05Mn1.95O3.95F0.05, and (d, bottom right) LT-
Li1.15Mn1.85O3.9F0.1.

Figure 11. Particle size distribution of LT-Li1.025Mn1.975O4 presented in both
volume and number distributions. The distributions were calculated using a
spherical particle model and a refractive index of 1.19.

Table VI. BET surface areas of low-temperature synthesized

materials.

Material BET surface area (m2/g) % Error

Li1.025Mn1.975O4 2.1 0.2
Li1.05Mn1.95O3.95F0.05 1.7 0.5
Li1.15Mn1.85O3.9F0.1 1.8 0.4
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one would expect that this was due to absorbed water and/or water
of crystallization. However, although reproducible for the unfluori-
nated material, the fluorinated product did not show the same fea-
ture. As the fluorinated material had very similar particle size and
morphology, one might expect that it would have a similar affinity
for the absorption of surface water. The FTIR results suggest that a
similar quantity of residual g-MnOOH remains in both materials.
For comparison purposes the DSC curves for (c) the starting
g-MnOOH and (d) a commercial LiMn2O4 material were obtained.
The origin of this endotherm is currently unknown. 

Conclusions

Both fluorinated and unfluorinated spinels have been synthesized
utilizing microwave radiation as the energy source. Syntheses were
successful at both high and low applied powers, the reaction rates
being significantly accelerated in all cases. Product particle mor-
phologies varied according to starting materials and synthesis tem-
perature. Interestingly this seems to contradict the findings of Yan
et al.,29 who stated that the particle shape and size remain the same
as the starting material. This is definitely not the case with g-
MnOOH at high temperature. 

Interestingly, material synthesized at low power using g-MnOOH
as the Mn source exhibited needle-shaped particles. Particle sizes
were generally small, although grain growth could be accelerated
and crystallinity enhanced by the addition of fluorine in the form of
LiF. Small particles are normally not regarded as optimal for spinel
electrochemical properties, although other cathode materials are
more forgiving in this respect. Particle size and shape may be affect-
ed through extended heating or the use of mineralizers such as LiF.

Microwave synthesis appears to be a credible option for rapid and
energy-efficient synthesis of LiMn2O4. Together with the use of sec-
ondary susceptors where necessary, there is no reason why micro-
wave synthesis could not be extended successfully to other oxide
electrode materials. Acknowledgments
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