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A new dynamic process (DP) for rapid and continuous mixed metal oxide synthesis is illustrated for
LiMn,O4 and LiCoO,. The DP synthetic method offers the possibility of producing pure or mixed
lithiated metal oxide materials of controlled composition, phase-content, particle size, porosity and
morphology. The final metal oxides are made from low-cost reactants; metals, carbonates and acetic
acid, and are well suited for industrial scale-up. Characterization includes XRD, SEM, TEM, TGA,
BJH (Barrett, Joyner, Halendal), laser beam light diffraction and electrochemical measurements. The
DP synthesis method may offer high quality electrode materials (with total pore areas of 76 m? g ') to
the future battery industry as scale-up is easily adopted.

1. Introduction

Cathode materials containing a lithiated transition
metal oxide have received intense research efforts as
to their prospective use in secondary high energy
density lithium ion batteries. Four volt cathode ma-
terial candidates, which have been studied for more
than ten years, include both LiMn,O4 [1-9] and Li-
Co0, [9-17] synthesized in several different ways. The
solid state synthesis route using a lithium compound,
typically Li,COj3, LiNOs, LiIOH.xH,O, or Li,O as the
lithium source is the most commonly used [5, 11-14].
For the synthesis of LiMn,0O4, MnO, is almost ex-
clusively used as the manganese source, whereas re-
actions using cobalt metal, Co304 or CoCOj as the
source of cobalt for the synthesis of LiCoO, have
been reported . Solid state synthesis processes are
normally carried out in air and include several heat
treatments in the temperature range of 600 to 900 °C,
each followed by a particle size reduction step. To
obtain phase-pure reaction products, the synthesis
often takes several days.

There are also reports on solid state LiMnO,
synthesis under argon, where carbon black was used
as the reducing agent (see e.g., [18]). The synthesis of
LiMn,O, using reactive electron beam evaporation
[3] and RF magnetron sputter deposition [7], fol-
lowed by some post annealing to form the spinel
structure have been reported for the production of
thin electrodes showing future possibilities for the
fabrication of very thin batteries. The results of sev-
eral studies on lithiated transition metal oxide
synthesis from liquid media have been reported. This
approach offers low-temperature synthesis with ex-
cellent product homogeneity. LiMn,O4 has also been
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synthesized under reduced pressure using citrate
precursors and metal nitrates [4]. Gels of LiMn,Oy4
have been formed from the reduction of aqueous
permanganate solutions, Hg sLiyp sMnQy, by fumaric
acid [2]. In basic solution, both the LiMn,O, spinel
and the layered LiCoO, have successfully been pre-
pared from acetate precursors [9].

In this work we describe a dynamic process (DP)
synthesis method enabling the rapid and continuous
synthesis of pure and mixed lithiated metal oxides
with controlled composition, particle size, morphol-
ogy, porosity and crystallinity. This flexible process is
illustrated for the synthesis of LiMn,0,4 and LiCoO,.
A brief description is also included for other mixed
lithiated metal oxides which have been made using
the same DP synthesis method. Some of the initial
electrochemical behaviour characterization results of
the cathode materials produced were previously re-
ported [19]. The emphasis of this report is on the
synthesis and characterization of the DP produced
LiMl’l204 and L1C002

2. Synthesis

The DP synthesis method developed is based on the
continuous generation of an airborne aerosol of li-
thiated metal oxide precursors in solution in a carrier
solvent, followed by a high temperature solid state
reaction, and the collection of the produced lithiated
metal oxide particles. The experimental setup can be
seen in Fig. 1.

The first step of the process, the generation of an
airborne aerosol of the lithiated metal oxide pre-
cursors, is accomplished using a Sonotec® ultrasonic
atomizer nozzle (3.5W/120kHz). Compressed air
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Fig. 1. Schematic overview of the experimental setup for synthesis
of lithiated mixed metal oxides using the dynamic process (DP)
method.

(ambient), filtered through an air—water separator, a
prefilter, and a HEPA type glass fibre filter (Gelman
A/E), was used as a carrier gas at a flow rate of
20 Lmin'. This atomizer was selected because of its
capability of producing ‘wet’ droplets of the lithiated
metal oxide precursor solution (feed solution) of ap-
proximately 20 um average diameter. The inter-
relationship between the feed solution concentration,
viscosity, surface tension, the atomizer power and
frequency of operation, determine the aerosol ‘wet’
droplet size, throughput, and the final ‘dry’ lithiated
metal oxide particle size. Operating conditions can be
established for the proposed DP synthesis method
which can yield an optimum throughput.

Typically 10 to 25wt% of lithiated metal oxide
precursor feed solutions were used for the DP
synthesis. These solutions were prepared by dissolv-
ing metal salts; LiCH;COO.2H,O (FMC, 99.9%),
and Mn(CH3;COO),.4H,O (Barker, reagent) or
Co(CH3C00),.4H,0 (Barker, reagent), respectively
in distilled water. The solutions were filtered (What-
man, no.6) to avoid problems with the metering gear
pump.

The second step of the DP synthesis involves the
evaporation of the solvent and the chemical reactions
to form the final lithiated metal oxides. The rate of
evaporation of the carrier solvent was varied to
characterize its effect on the final morphology and
topography of the particles produced. The solvent
evaporation and chemical reactions took place in a
2m vertical Inconel (alloy 600, schedule 40) three
temperature zone tube furnace (inner diameter
0.07 m) kept at temperatures ranging from 100 °C to
1000 °C. The temperature in each zone of the tube
furnace was varied in order to establish the best
synthesis condition for LiMn,04 and LiCoO,. The
results presented in the following used a temperature
of 750 °C in all three zones. The total residence time

in the furnace for the chemicals was 2-3 s. This re-
sidence time was controlled by adjusting the air flow
through the tube furnace using an air blower exhaust
(BGI, GBM-2000H) located behind the glass filter
discussed in the following paragraph. In addition to
controlling the residence time, the air blower exhaust
produces a small negative pressure (3kPa) in the
system, thus avoiding any leakage of small particles
or gases to the surrounding atmosphere.

The third step of the DP synthesis method is the
collection of the particles. In the current experimental
set-up (Fig. 1), the powder particles were collected on
a 20 cmx25 cm glass fibre filter (HEPA, Gelman
A/E) at a temperature above 140 °C in order to avoid
any condensation of water. To ensure a complete
conversion, a post heat treatment for 5 min. at 750 °C
was applied in a separate furnace just prior to use.
This ensures complete conversion and dryness. Ball
milling (Szegavari Attritor 1S) was used to further
decrease the particle size of the DP produced LiMO,
materials. The resulting particle size distribution of
the LiMO, was measured using a laser beam light
diffraction technique (Microtrac FRA) as a function
of grinding time.

3. Characterization

Thermogravimetric analysis (TGA) measurements
were carried out on the DP synthesis method pre-
cursor solution using a TA Instrument 2050 under
dry air (Airco, dry grade) at atmospheric pressure.
The sample was initially heated to 750 °C at rate of
2°Cmin”!, then maintained at 750°C for 8h and
thereafter heated (2°C min™') to 950 °C. Intermediate
reaction products heated at 2°C min~' were analysed
for phase purity and degree of crystallinity after air
quenching from 150 °C and 400 °C, respectively. All
DP- and commercially-produced samples (LiMn,Oy4
from Cyprus Foote (99.4%)); LiCoO, from FMC
(battery grade) were characterized in terms of phase
and degree of crystallinity by powder X-ray diffrac-
tion (XRD) using a Rigaku RU300 diffractometer
(CuK, radiation). For the final products step-scans
covering 5.00°-120.00° in steps of 0.03° in 20 were
collected and structure refinements were performed
using the Rietveld method [20] implemented in the
computer program GSAS [21]. The morphology and
grain size of the samples were studied with a Cam-
bridge S200 scanning electron microscope (SEM) and
a Topcon 002B transmission electron microscope
(TEM). Porosimetry measurements using mercury
intrusion (AutoPore IT 9220) were also performed.

4. Results and discussion

The mechanistic study of the reported DP synthesis
method shows that the formation of LiMn,O, and
LiCoO, occurs through a successive set of similar
reaction steps. The first reaction step for the synthesis
of both the LiMn,0O4 and LiCoO, involves the eva-
poration of the solvent from the metal oxide
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precursor solutions. To this step corresponds the
largest sample weight loss, as observed in the TGA
curve (Fig.2). In the case of the manganese oxide
synthesis reaction sequence, subsequent to the solvent
evaporation,thepresenceofcrystallineMn(CH;COO)s.
4H,0 is identified with XRD, for samples collected at
150°C. However, at this temperature no lithium-
containing phase can be identified, suggesting that the
lithium species are mainly amorphous. In the case of
the cobalt oxide synthesis reaction sequence, sub-
sequent to the solvent evaporation the sample is
completely amorphous at a temperature of 150 °C. It
is possible by controlling the temperature and dura-
tion of evaporation to greatly vary the density of the
produced particle. It is also during the solvent eva-
poration step that the size of the agglomerate and of
the metal oxide crystallites are defined.

The second reaction step in the synthesis reaction
sequence of both the LiMn,04 and LiCoO, begins at
temperatures as low as 240 °C and corresponds to the
formation of Li,COj3 and to the formation of a binary
metal oxide mixture of M(+II) and M(+IV); i.e.
MnO + Mn;0,4 and CoO + Co30,, respectively. Al-
ready at a temperature as low as 400 °C, the desired
phases of the LiMn,0,4 and LiCoO, can be identified
with XRD. However, the samples are not fully con-
verted. As the temperature reaches 750 °C, only the
desired phase of the lithiated metal oxides, LiMn,0y4
and LiCoO,, can be identified using XRD.

The main reaction steps involved in the DP
synthesis of lithiated metal oxide compounds are the
evaporation of the solvent followed by the reaction of
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Fig. 2. TGA (2°Cmin™") for the formation of LiMn,O, and
LiCoO, from their acetate precursors. The arrow indicates the
isothermal hold at 750 °C for 8 h.

the acetates to form the metal oxides. The DP
synthesis reaction steps involved during the produc-
tion of the lithium manganese oxide can be sum-
marized as follows:

4 LiCH;C00.2H,0 + 8 Mn(CH;COO),.4H,0
+430; — 4LiMnyO4 +40CO, + 70H,0 (1)

The corresponding DP synthesis reaction steps
involved during the production of the lithium cobalt
oxide are

4 LiCH3C00.2H,0 + 4 Co(CH;COO0),.4H,0
+250,— 4LiCo0, +24CO, + 42H,0  (2)

In addition to identifying the major lithiated metal
oxide synthesis reaction steps, TGA results revealed
smaller but continuous weight changes over the entire
temperature range up to 950 °C in both the LiMn,Oy4
and LiCoO, systems. In the case of the synthesis of
the lithium manganese oxide material , the sample
weight reaches a maximum at 750 °C. However, if the
sample is held isothermally at 750 °C for an extensive
period of time (~ 8h) the sample loses weight, sug-
gesting a slight loss of oxygen and the formation of
LiMn>Oy4+,. This loss of oxygen is temperature de-
pendent and was recently shown to be reversible
when the temperature is lowered [22]. XRD reveals
the formation of amorphous components in samples
synthesized under these conditions. A different tem-
perature and time dependence is found during
synthesis of the lithium cobalt oxide, in which the
maximum sample weight is found at the end of the 8 h
isothermal hold at 750°C. This indicates a slower
uptake of oxygen to form the final LiCoO, compared
to the reaction mechanism of the lithium manganese
metal oxide. As the temperature is raised to 950 °C
both samples decompose. Thus, by using the DP
synthesis method it is possible to tailor the oxygen
content of the lithium metal oxides by varying the
temperature and the reaction/annealing time.

The LiMn,04 and LiCoO, products made using
the DP synthesis method show high crystallinity and
well defined powder grains. This was unexpected
considering the short residence time in the reaction
furnace of 2-3 s, and the short post-annealing period
of 5min or less. The Rietveld refinements (Fig. 3) of
the as-made final products of LiMn,O4 and LiCoO,
show a remarkable agreement with crystallographic
data previously reported for LiMn,Oy4 [23, 24] and
LiCoO, [25]. For both cases of the DP-produced
lithiated metal oxides, the crystal unit cell parameters
were slightly smaller than the unit cell parameters
reported in the literature. It can be speculated, based
on the TGA results, that these differences may de-
pend on some oxygen deficiencies. Cell parameters,
atomic positions, thermal displacement parameters
and final agreement factors are summarized in
Table 1.

The resulting morphology of the DP produced
lithiated metal oxides exhibit rather large powder
particles (Fig. 4 (a) and (b)) defined by a porous shell
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Fig. 3. X-ray (CuK,) diffraction patterns of LiMn,0, and LiCoO,
made by the DP synthetic route. The figure includes observed
(dotted line) diffractogram, calculated Rietveld (solid line) pattern
and tic-marks for the respective phase.

(Fig.4 (c¢) and (d)). However, TEM analysis on
LiMn,0O4 made by the DP synthesis method, reveals
that the powder grains consist of small ~30 nm crys-
tallites (Fig. 5). Results indicating improved electro-
chemical reversibility of the DP-LiMn,O4 in
comparison to commercial products were previously
reported [19]. This behaviour was attributed to the
small crystallite sizes. The flexibility of the DP syn-
thesis method, with regard to powder porosity, was
proved by varying the feed solution concentrations
and the precursor droplet sizes. The high poro-sity of
the DP powder particles was confirmed by BJH
(Barrett, Joyner, Halendal) (Fig.6) measurements
showing a maximum total intrusion volume of
4.20mL g ', which can be compared with 0.856 mL g~!
for the commercial sample. The maximum total
pore area obtained for the DP-LiMn,0,4 was measured

to 76.3m” g ! and the bulk density to 0.226 gcm ° the
commercial sample measured 9.92m’*g! and
1.20 gem 2, respectively.

Particle size reduction through ball milling and
grinding (attrition) represent an important and en-
ergy consuming processing step in the preparation of
electrode components for batteries. It is well known
that transition metal oxides, such as LiMn,O, and
LiCoO,, are rather hard and abrasive materials,
which consequently adds to the complexity of the
particle size reduction process. An advantage of the
DP synthesis method is the flexibility to directly
produce different particle sizes and to vary the mor-
phology of the particles. This can be achieved by
using variable operating parameters such as different
feed solution concentrations, droplet sizes, solvents
and carrier gas flow rates. The morphology of the
LiMn,0O4 and LiCoO, particles as produced using the
DP synthesis method, has proven to be beneficial to
further particle size reductions. As the microscopy
analysis illustrates, each of the DP produced lithium
metal oxide small particles is an aggregate of crys-
tallites loosely held together. Knowing that the co-
hesive force between the crystallites forming the
aggregate is much less than the force within the
crystal lattice, it is evident that the energy dispersed
during the particle size reduction process can be
efficiently used to break down these larger aggregates
into their smaller crystalline constituent. This was
confirmed by the particle size distribution analysis as
a function of grinding time (Fig. 7). Longer grinding
time is needed to reduce the size for commercial
samples compared to DP produced samples. For ex-
ample, the LiCoO,, made according to the DP
synthesis method reported here, had after 100 min of
ball-milling reached a maximum particle size of less
than 10 um compared to the 1100 min needed for the
LiCoO, commercial sample to reach the same max-
imum particle size value.

By using the DP synthetic method, several lithi-
ated mixed metal oxide compounds with different
compositions can be made. For example, we have

Table 1. Crystallographic data for as made DP LiMn,O4 and LiCoO, obtained from Rietveld refinements

Phase LiMn>0Oy4

LiCOOz

Space group Fd3m
Li: 8a, Mn: 16d, O: 32e

R-3m
Li: 3b, Co: 3a, O: 3¢

This work References This work References [25]
[23] and [24]
Cell/pm a=3824.03(3) a=2824.76(2) a=281.512(7) a=281.66
¢=1405.42(5) c=1405.2
Atomic O: x=25.58(2) 0:x=26.1(2) 0O: z=25.59(1) 0:2=26(-)
position
Thermal B1;=0.3(3) Br;=0.5(-) B1i=1.2(2) (non reported)
parameters Byn=1.03(4) Byin=0.3(2) Bco=0.76(3)
/ (nm)? B,=2.28(8) B,=0.4(-) B,=1.00(6)
Agreement Rp=17.32 Rp=3.6 Rp=06.84 (not reported)
factors / % Rwp=9.99 Rwp=4.0 Rwp=28.77
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Fig. 5. TEM on LiMn,0,4 showing the as-made LiMn,0, crystal-
lites synthesized by the DP synthesis method.

varied the lithium content in Li,Mn,O,4 for 0<x<2
successfully, although some problems were en-
countered for higher x as the more water sensitive
tetrahedral oxide forms. Phase-pure compounds were
obtained for stoichiometries near x=1 and x=2.
Small variations of the lithium content are possible
without observing any phase separation. Chemically
modified cathode materials offer interesting electro-
chemical and structural properties [26]. The proces-
sing flexibility of the DP synthesis method makes this
process suitable for synthesis of doped or chemically
modified electrode materials. Indeed, LiMn,.,M Oy
with M = Fe, Cr, Al, Ni and Co for y<25% have

Diffecential intrusion / mbg”

Differential intrusion f mLg™um™

Tare diameter fLm

Fig. 6. Differential intrusion of Hg into (a) DP and (b) commercial
LiMn,O,4 samples.
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Fig. 7. Results from ball milling the DP-produced LiCoO, (®) and
the commercial sample (M), including results from maximum, in-
termediate and minimum particle sizes.

been produced using this DP synthesis method. In
some cases, various precursors may alter the reaction
mechanism and lead to some property differences of
the final products. This was found in the electro-
chemical comparison between LiMn,04 made from
acetate and nitrate precursors [19]. A much higher
capacity at 4V for the first discharge was obtained for
the acetate LiMn,O, (110mAhg™') compared to its
equivalent nitrate synthesis (81 mAhg™'). However,
at 3V the inverse relationship was found; 90mAhg!
for the acetate and 116mAhg' for the nitrate
synthesis. For comparison, the commercial LiMn,O,4
reference material has a capacity of 87mAhg'at4V
and 58mAhg'at3V.

5. Concluding remarks

The DP synthetic method presented and illustrated
for LiMn,04 and LiCoO, provides a possibility to
produce pure or mixed lithiated metal oxide materials
of controlled composition, phase-content, particle
size, porosity and morphology rapidly. This new
dynamic process can be used to prepare an array of
cathode materials for use in rechargeable lithium
batteries and can be summarized in three main steps;
(1) the initial formation of an aerosol and the eva-
poration of the solvent from the precursor affecting
the particle sizes, (ii) the following hetero- and
homogenous chemical reactions influencing phase-
content and porosity, and (iii) the final post-treat-
ment controlling the oxygen content in the final
product. The developed experimental setup is me-
chanically simple and process improvements such as
sequential post-annealing allowing for crystallization
of the cathode material can easily be implemented as
the three synthesis steps can correspond to three
different temperature zones in one furnace. For future
energy minimization of the production of mixed
metal oxides, the DP synthetic method can be used to
prepare the precursor particles (steps (i) + (ii)), which
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are later converted by a short heat treatment to the
final products. From an energy standpoint it is also
interesting to note that it is economical to produce
porous large agglomerates that are easily reduced to
small particles in the final milling and which can be
used to mix the cathode components together. One
can visualize other ways in which the flexible DP can
be varied through changes in the feed stream (e.g.,
suspension or emulsion), gas composition (e.g., inert
gas or oxygen-enriched) and temperature profile of
the reactor. The DP synthesis method enables the fast
and continuous production of lithiated metal oxides
made from low-cost reactants (such as metals, car-
bonates and acetic acid) is well suited for industrial
scale up, and will provide high quality electrode
materials to the battery industry.
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