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A new synthetic method has been developed and demonstrated for the utilization of
commercially cheap MnO;, for the production of nanoparticles of LiMn,O, spinel as a cathode
material for Li-ion batteries. The process involves the insertion of lithium into electrolytic
manganese dioxide (EMD) in an aqueous medium with glucose as a mild reductant in open
air. The material resulting from calcination is pure, spinel-structured Lig9sMn,O,4 particles
of sub-micrometric and nanometric size that exhibit promising electrochemical behavior in
nonaqueous Li-salt solutions. Further development of this process may be interesting for
the commercial production of LiMn,O, for Li-ion batteries.

I. Introduction

Rechargeable Li-ion batteries have become a com-
mercial reality in recent years. They are incorporated
in mobile electronic equipment, such as cellular phones.
The global projections for the marketing of portable
electronic devices with extraordinary capabilities create
a very strong driving force for R&D of light, efficient,
reliable, environmentally friendly, and cheap recharge-
able Li-ion batteries.1?

The cathode materials for Li-ion batteries are usually
oxides of transition metals due to their high electro-
chemical potentials during highly reversible lithium
insertion/deinsertion. A huge amount of literature is
available on the preparative, structural, and electro-
chemical studies of oxides of Co, Ni, Mn, and V with
regard to lithium battery cathodes.? Recently, nanopar-
ticles have been suggested as electrode materials for Li
batteries.#=6 Possible advantages of nanoparticles as
active mass in electrodes for Li batteries may relate to
high rate capability. Since the rate-determining step in
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Li insertion electrodes is supposed to be solid-state
diffusion (Li ions in the bulk of the active mass), the
smaller the particles, the smaller is the diffusion length,
and the electrode’s kinetics are expected to be faster.

The utility of MnO, compounds in lithium recharge-
able batteries was discussed extensively in the past and
has also been demonstrated in commercial rechargeable
lithium batteries.”8 After a decade of stagnation, once
again a special form of lithium manganese oxide with
a nominal composition of LiMn,O4 possessing an AB,04-
spinel structure has emerged as a promising future
candidate for cathode material in Li-ion batteries.®~12
Reversible Li insertion around 4.1 V (vs Li/Li"), abun-
dance of manganese in the earth’s crust, and relatively
low toxicity are the advantages of the LiMn,O,4 spinel
as compared to lithiated cobalt and nickel oxides.

All the synthetic routes leading to the formation of
spinel-LiMn,04 published so far include a calcination
step around 800 °C for many hours as a major and
critical step. Almost all of them produce micro-
particles.’3~15 Synthesis of LiMn,0,4 from MnO, and Li
sources may also produce other Li—Mn—0O compounds
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as impurities.1817 Since the theoretical capacity of this
material is not too high (practically 120—140 mA-h/g),
it is extremely important to obtain by synthesis as pure
an active material as possible In this paper we report
on an easy, effective, and environmentally friendly
method to synthesize highly pure spinel-LiMn;O4 in
large amounts in a simple reaction, utilizing electrolytic
manganese oxide and lithium hydroxide, which are the
cheapest manganese and lithium sources, and glucose,
which is a mild reductant.

1. Experimental Section

In a typical synthesis, 75.4 g of lithium hydroxide (Aldrich)
was dissolved in 3 L of double-distilled water in a 10-L beaker.
To this solution, 156.6 g of electrolytic manganese dioxide
(EMD) was added and the resulting slurry was stirred for 1 h
at 80 °C. Then 7.5 g of glucose dissolved in 500 mL of water
was added while stirring was in progress, followed by the
addition of 4 L of water. The stirring (reaction) was continued
further for 8 h at 80 °C. At the end, the reaction slurry was
7.5 L and allowed to cool and settle for 12 h. The solid product
was washed several times with pure water and then dried at
120 °C. The powder was calcined at 775 °C for 24 h in porcelain
dishes.

The lithium content in the solid product was analyzed by
atomic absorption (AA, Perkin-Elmer Inc.) with monochro-
matic radiation (A = 670 nm). The solutions for the AA analysis
were prepared by dissolving 100 mg of the powdered sample
in 100 mL of 25% HCI solution and a few drops of H.O,, which
ensured the formation of a homogeneous solution.

Differential scanning calorimetry (DSC) data were obtained
using a Mettler DSC 25 (TC15 TA controller) instrument in
the temperature range of 30—550 °C at a scan rate of 10 °C/
min. The thermal stability of the material was analyzed using
a Mettler TGA (TGA/SDTA-851E) instrument in the temper-
ature range of 30—1030 °C at a scan rate of 10 °C/min. Powder
X-ray diffraction measurements were performed on a Rigaku
X-ray diffractometer (Co Ko radiation, 2 = 1.7920 A), employ-
ing well-ground samples at a scan rate of 0.5°/min to obtain
precise diffraction patterns with appropriate intensities. TEM
micrographs were recorded using a JEOL-JEM 100 SX electron
microscope. 5Li MAS NMR spectra were acquired on a Che-
magnetics CMX300 Infinity spectrometer using a Chemag-
netics 4-mm double-bearing probe. Data were collected at 44.2
MHz under MAS at 13 kHz with a recycle delay of 0.2 s. The
delay was sufficient to prevent saturation. A rotor-synchro-
nized 90°—7—180° echo sequence was applied. All the spectra
were referenced externally to LiOH (0 ppm). The BET-surface
area measurements were carried out in a Quantachrome
Instrument (Autosorb-1)—Gas Sorption System. The Li content
of the samples was determined using a Perkin-Elmer atomic
absorption spectrometer (AAS) with a Li lamp (Beckman)
operating at A = 670 nM. For the analysis, the particles were
dissolved in an acidic solution containing HCI and H;0-.

Electrochemical tests, which included cyclic voltammetry
and galvanostatic charge—discharge of pristine EMD, an as-
synthesized Li—Mn—0 phase and a calcined Li—Mn—0 phase,
were carried out with electrodes mounted on coin cells operat-
ing at 30 °C using Solartron and Maccor computerized
electrochemical systems, respectively. Electrode mixtures were
prepared by mixing 70% oxide powder, 5% carbon black, 15%
graphite-KS6 (Timrex, Inc. and 10% PVDF binder (Solvey Inc.)
in a 1-methylpyrrolidone solvent. A few drops of the resulting
thick suspension were spread uniformly on roughened alumi-
num foil and dried at 120 °C for 3 h. Circular coins of 14-mm
diameter were carved out of the foil, which usually possessed
an effective active mass of 11 mg of spinel-LiMn,O,. Coin cells
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(standard 2032 type from NRC Canada) were constructed with
the above cathodes in the following configuration in a glovebox
maintained at a highly pure Ar atmosphere with <2 ppm of
oxygen and moisture. The cell configuration was an oxide
working electrode | 1 M LiPFs in an EC:DEC:DMC 2:1:2
electrolyte solution soaked in a porous polypropylene separator
| Li-metal counter electrode. Electrolyte solutions based on
LiPFe¢ were obtained from Merck KGaA.

I1l. Results and Discussion

The stoichiometry of the solid reaction product of
MnO,, LiOH, and glucose in an aqueous medium was
found to be LiggesMn-0O4 for the material washed and
dried prior to calcination. The clear filtrate of the slurry
obtained when 5 g of the sample was shaken with 100
mL. of water showed no lithium content, thus confirming
that the washing was completely effective in removing
all the loosely bound surface lithium on the particles.
Finally, the composition remained close to LiMn;O4
after calcination at 775 °C.

Typical DSC data of the as-prepared material dis-
played in Figure 1 show a broad endothermic peak
around 220 °C, which corresponds to evaporation of
occluded water molecules inside the pores of the Li—
Mn—O material. Additionally, it indicates that the
material has no amorphous fraction.1819

Typical TGA data of the Li—Mn—0O material produced
are presented in Figure 2. They show a first weight loss
of ~4% around 220 °C, which is attributed to the
evaporation of occluded water molecules followed by a
second weight loss of ~3% around 550 °C, which is due
to the decomposition of organic impurities, which are
probably the products of glucose oxidation that remain
absorbed to the Li—Mn—0 compound. The weight loss
between 700 and 900 °C is a complex thermal process
that includes the crucial formation step for spinel-
structured LiMn;O, between 750 and 800 °C. The
synthesis temperature for the formation of pure crys-
tallites of single-phase spinel-LiMn,O4 was optimized
at 775 °C.

The powder XRD pattern of the electrolytic manga-
nese dioxide (EMD) shown in Figure 3a correlates with
the reported pattern of y-MnO,. The patterns reveal
that the material is poorly crystalline without the
proportional expected intensities arising out of the hkl
planes. This is a usual feature of commercially available
EMD materials that is widely used in primary batteries.
There are several possible defects in EMD, which
include the intergrowth of y- and f-Mn0,.2° The par-
ticles or crystallites of this EMD as shown by the TEM
micrograph in Figure 4a have sizes ranging between 10
and 100 nm with a wide distribution, which results in
the BET-surface area of ~37.6 m?/g, which may facili-
tate chemical Li intercalation into this material.

The powder XRD pattern of the as-synthesized Li—
Mn—O phase, which possesses the composition of
Lio.4sMnOy, is shown in Figure 3b. The pattern is very
similar to that of the above-discussed pristine EMD, but
with some small shifts in a few peaks. This feature
confirms that lithium intercalation has occurred in the
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Figure 1. DSC data of the as-synthesized Li—Mn—0O material.
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Figure 2. TGA data of the as-synthesized Li—Mn—0O material.

EMD in a topotactic manner without much disturbance
in its structure. The particles of this as-synthesized
material, as shown in Figure 4b, are much smaller (ca.
10 nm) when compared to those of pristine EMD. This
great reduction in particle size, which is further con-
firmed by the increase in the BET-surface area of 47.7
m?2/g, is due to the rupture and breakage of particles
during the hot-turbulent intercalation reaction.

The powder XRD pattern of the calcined material,
which has the composition of Lip47MnO;, is shown in
Figure 3c. The patterns match excellently those of the
well-known spinel-LiMn,04, with appropriate hkl re-
flections and intensities with no impurities. Hence, this
calcined material should be appropriately renamed as
Lig.94aMn,04. The lattice constant of this material, which
is crystallized in an Fd3m space group, is calculated to
be 8.23 A. TEM micrographs of this well-crystallized
spinel are shown in Figure 4c. They show the material
to consist of particles in the range of 50—120 nm with

some agglomeration, which causes the material to
possess a small BET-surface area of 2.3 m?/g.

The 6Li MAS NMR spectrum of the calcined sample
is shown in Figure 5. The three resonances are assigned
according to the literature.2122 The main peak at about
530 ppm is assigned to lithium ions in the tetrahedral
8a site of the spinel structure; the small resonances at
about 580 and 615 ppm are assigned to lithium present
in the proximity of electronic defects associated with
higher oxidation state manganese ions (Mn**). The
origin of these electronic defects is thought to be the
trapping of Mn** charges around lattice defects (i.e., Mn
16d vacancy or Li-for-Mn substitutions). The important
feature of this spectrum is that the intensity arising
from defects is very low compared to that of usual
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Figure 3. (a) Powder XRD patterns of the pristine EMD. (b)
Powder XRD patterns of the as-synthesized Li—Mn—0 mate-
rial. (c) Powder XRD patterns of the calcined material (LiMN2O4
spinel).

LiMn,04 materials?! and the “main” spinel peak (530
ppm) is very narrow. Hence, we can conclude that the
material synthesized herein is very pure and uniform.

A cyclic voltammogram in the potential range 2.5—
4.3V vs Li/Li" of the as-synthesized Li—Mn—0O material
in a LiPFg solution is shown in Figure 6. The voltam-
mogram shows a reversible activity centered around 3
V, which is due to lithium deinsertion and insertion.
This is anticipated for poorly ordered Li—Mn—0O phases.?
This phase also shows some activity in the higher
voltage regime around the 4-V range, much different
from that expected for the spinel LiMn,04.24 In addition
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(c)

Figure 4. (a) A TEM micrograph of pristine EMD. A scale
appears in the picture. (b) A TEM micrograph of as-synthe-
sized Li—Mn—0O material. A scale appears in the picture. (c)
A TEM micrograph of calcined material. A scale appears in
the picture.

to the XRD characterization (Figure 5b), the electro-
chemical measurements confirm the absence of any
spinel phase in the as-synthesized material.

Fresh electrodes of as-synthesized Li—Mn—0O and
pristine EMD possessing a similar amount of active
masses were fabricated and tested for their reversible
lithium insertion—deinsertion properties restricted to
2.5—3.5V vs Li/Lit, to evaluate the relative performance
of the reaction product over the pristine MnO, material.
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Figure 7. Cyclic voltammograms of (a) pristine EMD and (b)
as-synthesized Li—Mn—0 2.5—3.5 V (first three cycles). EC-
DEC-DMC 2:1:2/1 M LiPFg, 1 mV/s.

The cyclic voltammograms of the two materials for the
first three cycles are shown in Figure 7a,b, as indicated.
The CV of as-synthesized Li—Mn—0O shows expected
reversible electrochemical activity with a gradual de-
crease in the peak currents during cycling. The CV of
pristine EMD electrodes show very low peak currents,
reflecting its lower initial activity in comparison with
that of the Li—Mn—0O phase. This diagnostic feature
shows that the EMD is converted to a more useful form
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Figure 10. Cycle life data of calcined material electrode at
30 °C at a C/10 rate. EC-DEC-DMC 2:1:2/1 M LiPFs,

upon the soft chemical lithium intercalation reaction
described herein. The better performance of the as-
synthesized material over its pristine counterpart could
not be due to a bulk structural effect, as the powder
XRD patterns are more or less similar. Rather, the
better effect could be due to the morphological effect,
as demonstrated by the TEM micrographs. The particles
are greatly reduced in size during the synthesis, as
compared to pristine EMD, which results in a greater
mass diffusion, and hence, better activity. Another
interesting feature of the pristine EMD is its large loss
in capacity when going from the first to the second
discharge cycle. The loss in the capacity upon the first
cycle could be due to some surface modification of the
EMD upon a first electrochemical lithium insertion
(which occurs initially to a very low extent).

The cycle life data in the 3-V region for the as-
synthesized Li—Mn—0O phase along with pristine EMD
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are shown in (a) and (b), respectively, of Figure 8. The
as-synthesized Li—Mn—0 shows a higher initial capac-
ity of ~70 mA-h/g, which by itself is not a very attractive
value in comparison with the literature results for
LixMn0,.25 The comparison of the cycling behavior
(Li insertion—deinsertion) between the synthesized
Lio4sMnO; and the pristine EMD (MnOy) presented in
Figure 8 is very interesting. Initially, the capacity of
the pristine MnO; for Li insertion is very low, but it
increases upon cycling. Within 50 repeated cycles, the
capacity of electrodes comprising pristine EMD reach-
es a higher capacity than that of the synthesized
Lio.4sMnO,, around 70 mA-h/g. Hence, the repeated
electrochemical process with EMD, which includes
cathodic polarization to 2.5 V, facilitates its lithiation
by reduction, due to some structural changes that we
could not trace by XRD. (Note that the XRD patterns
of the pristine EMD and the synthesized Lig4sMnO; are
similar, as seen in Figure 3.) Thus, the reduction process
of MnO, by glucose in the presence of a Li source
(aqueous LiOH) that was developed therein can be
considered as an efficient lithiation process for MnO»,
which forms a host material that can serve as a very
good precursor for the production of highly pure LiMn,O4
spinel.

A typical galvanostatic charged—discharge cycling
process of the calcined material at a C/10 rate is shown
in Figure 9, which correlates with the expected 4-V
double-plateau behavior of spinel electrodes.26-28 The
cycle life data of this material are shown in Figure 10,
which shows the material to possess a discharge capac-
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ity >115 mA-h/g, which slightly fades during prolonged
cycling, as is usual for this material in LiPFg solutions.1?

Conclusions

This paper describes an elegant way of producing
highly pure LiMn,O, spinel material. It was discovered
that reduction of MnO; in the presence of a Li source
(LiOH) in agueous media using a very mild reductant,
that is, glucose, produces lithiated MnO,, which can be
delithiated and lithiated electrochemically and revers-
ibly in nonaqueous Li-salt solutions. Calcination of the
Lio4sMnO, thus formed, at temperatures between 750
and 800 °C, forms highly pure LiMn,O,4 spinel. The
latter product is formed in agglomerates of sub-micro-
metric cubic crystals, part of which are of nhanometer
size. It should be noted that commercial LiMn,O4
powers, produced by solid-state, high-temperature reac-
tions, do not have the nearly completed cubic morphol-
ogy of the LiMn;O4 synthesized in this work. Prelimi-
nary testing of this material as the active mass in
composite cathodes for Li and Li-ion batteries showed
that a reasonable capacity (115 mA-h/g) and stability
upon cycling could be obtained. We believe that we
outline herein a simple and cheap synthesis of LiMn,0O,4
spinel material. In addition, the morphology of the
material thus obtained (sub-micrometric and nanomet-
ric crystals) looks promising for high-rate behavior.
However, further optimization of the composite elec-
trodes and further testing at elevated temperatures are
needed to confirm that the LiMn;O4 material synthe-
sized herein may be commercially important.
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