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Abstract

The nickel-manganese compounds were synthesized by redox reactions in aqueous solutions using potassium permanganate and nickel chloride
at ambient temperature. Layered structured materials in Li—-Ni—-Mn—O system were synthesized by using the formed nickel-manganese compounds
as a precursor for electrode materials to examine the electrochemical activity. X-ray diffraction patterns of the Li,MnOj;-like Li; 296Nig 056 Mng 64502
sample were indexed to a layered structure based on hexagonal a-NaFeO, with a superlattice existence indicating a monoclinic Li,MnO; crystalline
phase. The electrode provides the initial discharge capacity of 108 mAh/g and the maximum discharge capacity of 192 mAh/g between 2.0 and

4.8V versus Li/Li* at 0.2 mA/cm?.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A high firing temperature is required to overcome the diffu-
sional limitations associated with limitations size of the reactant
particles in solid-state reaction which are predominately used.
Such a high-temperature procedure gives the larger particle size
and inhomogeneity. These difficulties have prompted materi-
als chemists to design and develop synthesis methods that can
lower the processing temperatures [1,2]. Therefore, several low-
temperature methods have attracted much attention in recent
years in order to improve various kinds of performances [3-5].
Especially, the low-temperature methods lead to smaller and
uniform particle size, which may be beneficial for electrodes
materials development efforts in lithium batteries.

Layered lithium manganese oxides are of interest as
an alternative cathode material due to their high specific
energy, non-toxicity and low cost. Unfortunately, those lay-
ered manganese materials transform to the spinel-like phases
by Jahn-Teller distortion during electrochemical cycling. This
transformation usually leads to poor rate performance and to
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steps in the voltage profile [6-8]. To overcome this prob-
lem, a number of research groups have studied for increasing
the structural stability of lithium manganese oxides by using
a concept of a solid solution or nano-composite of LiMO,
(M=Ni, Co, Cr) and LipMnO3 [9-12]. Although whether
the concept of a solid solution or a nano-composite for-
mation for the LiMO,-Li;MnO3 system is still in debate,
Li[Ni,Li(13—2:3)Mn(2/3—x/3)]O7 of them seems to be a promis-
ing candidate as cathodic material for lithium batteries. The
Li[NiXLi(1/3_2x/3)Mn(2/3_x/3)]02 compounds exhibit the ther-
mal stability and good electrochemical performance [13-15].
Lu et al. reported the layered Li[NiLi(1/3—2.3)Mn(2/3-3)]02
(0<x<1/2) compounds prepared by the “mixed hydrox-
ide” method. Li[NiyLi(13-2¢3)Mn2/3-13)102 with x=1/3
shows a capacity of 200mAh/g at 30°C and 220 mAh/g
at 50°C. Its good electrochemical performance is assumed
that all Ni** is oxidized to Ni** when Li is extracted from
Li[Ni Li(13—2:3)Mn(2/3—x3)]O02 [13]. In relation to solid solu-
tion materials, LipMnO3 has recently been researched for its
unexpected electrochemical activity [16—19].

In this work, the nickel-manganese compounds were synthe-
sized by redox reactions in aqueous solutions using potassium
permanganate as oxidizing agents at ambient temperature. The
prepared particles were used as a precursor for electrode mate-
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rials by lithiation with lithium hydroxide. It is particularly
interesting to observe a stable electrochemical performance of
Lij 296Nip.056Mng 640> material since it has almost identical
stoichiometry and crystalline characteristics to LipMnO3 which
has been known as an electrochemically inactive material.

2. Experimental

The nickel-manganese compounds were synthesized by reacting an aqueous
solution of nickel chloride with potassium permanganate. By using a burette a
50 mL aqueous solution of a 0.5 M NiCl,-6H, O and a 50 mL aqueous solution of
a 0.5 M HCI were dropped slowly into 50 mL of a 0.5 M KMnOy4 solutions that
was stirred constantly with a magnetic stirrer. The precipitate formed after 1 day
of reaction was filtered, washed several times with distilled water to remove other
reaction products. The precipitates were then dried in an oven at 100 °C for 6 h.
To investigate the electrochemical activity of Li,MnOQ3, the as-prepared sample
obtained by adding HCI was selected and lithiated. The as-prepared sample
was mixed with the stoichiometric amount of Li(OH)-2H,O in accordance to
the inductively coupled plasma (ICP) result of the sample, and ground. The
mixture was pelletized and heated in air at 800 °C for 3 h and quenched to room
temperature.

The crystalline nature and morphologies of the products were character-
ized by X-ray powder diffraction (XRD), and field emission scanning electron
microscope (FESEM). The structural characterization of the synthesized sam-
ples was carried out with X-ray powder diffraction. The X-ray patterns were
recorded with a counting degree of 2.00°/min in 26 range from 10 to 80° by
using a Rigaku D/MAX Ultimalll High Resolution X-ray Diffractometer (Cu
Ko radiation). The morphology and particle size of the samples were character-
ized with S-4700 FESEM. The chemical composition of the as-prepared samples
was determined by inductively coupled plasma using a Perkin-Elmer 4300 DV
analyzer.

For electrochemical measurements, lithium-inserted materials were mixed
with a carbon black and PTFE binder. This mixture were pressed onto a stainless
steel mesh and dried under vacuum at 180 °C for 5h. The cell consisted of a
cathode and lithium metal anode separated by a glass fiber. The used electrolyte
was a 1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
containing 1 M LiPFg. The cells were assembled in a glove box under argon
atmosphere and tested between 2.0 and 4.8 V versus Li/Li* at 0.2mA/cm? by
using Battery Tester System 2004.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the samples
obtained by reacting an aqueous solution of nickel chloride with
potassium permanganate as oxidizing agent. The as-prepared
samples show no discernible reflections in the X-ray powder
diffraction pattern since those samples were synthesized by
redox reactions in aqueous solutions at room temperature as
shown in Fig. 1(a). To characterize the crystal structure, X-ray
powder diffraction patterns were also recorded after firing at
500°C for 6 h. The X-ray patterns of the fired sample shows
the existence of the two phases corresponding to tetragonal o-
MnO; and cubic Mn;0O3 as shown in Fig. 1(b). The existence of
the two phases in Fig. 1(b) was understood that the manganese
oxides undergo structural and compositional changes as ele-
vated temperatures (7'~ 400 °C) [20]. For example, y-MnQO; is
decomposed to MnyO3 at 7>450 °C [21]. Although any phases
related to nickel was not found by X-ray diffraction patterns, the
result of ICP shows the small amount of nickel was contained
in the as-prepared sample showing transition metal chemistry of
Nig.ogoMn1 034.

Fig. 2 shows the FESEM micrographs revealing the mor-
phology of the samples. While the FESEM micrograph of the
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Fig. 1. The X-ray power diffraction patterns of: (a) the as-prepared sample and
(b) after firing the sample at 500 °C for 6 h.

as-prepared sample shows that the as-prepared sample is in the
form of spherical agglomerates, approximately 0.8—1.0 wm in
diameter, the sample obtained by firing at 500 °C for 6 h has
the smaller primary particles (<30 nm) with narrow particle
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NiMnH(500) 15.0kV 10.9mm x50.0k SE(M)

Fig. 2. The field emission SEM micrograph of: (a) the as-prepared sample and
(b) after firing the sample at 500 °C for 6 h.
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size distribution as shown in Fig. 2(a and b). The as-prepared
sample exhibits loosely bonded agglomerates with very weak
inter-particle bonding forces so that it readily decomposes to
individual nanoparticles once enough activating treatments are
induced.

Fig. 3 shows the X-ray powder diffraction patterns
and the FESEM micrograph of the lithiated sample
(Lij 296Nig.056Mng 64802) prepared by quenching at 800 °C.
The X-ray diffraction patterns of Lij 296Nig.056Mng 430 were
indexed a layered structure based on hexagonal a-NaFeO;
(space group: R-3m, 166), except for broad peaks between
20° and 25° as shown in Fig. 3(a). These broad peaks indi-
cate the short-ranged superstructure ordering of the Li, Ni,
and Mn atoms in the transition metal layers and indicating
the presence of monoclinic Li,MnOs3 phase [13,22]. Actually,
Lij 296Nig.056Mng 64302 material has a very similar stoichiom-
etry to LioMnOs; known as an electrochemically inactive
materials. The morphology of the lithiated sample together with
XRD results reveals that the particles are well crystallized. The
particle size of the lithiated sample (Lij 296Nig.056Mng.64302) is
approximately 2-3 pm as shown in Fig. 3(b). It has been reported
that manganese oxide has a substantially tendency for crystal
growth with respect to a solid-state reaction at high temperature
[23] resulting much larger particles than the samples heated at
500 °C as shown in Fig. 2.
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Fig. 3. (a and b) The X-ray powder diffraction patterns and the FESEM micro-
graph of the lithiated sample (Lij 296Nig.056Mng 64802).
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Fig. 4. Charge—discharge curves of Li/Li-inserted sample
(Lij 2096Nip.056Mnp 4g02) cell in the voltage range of 2.04.8V at a
current density of 0.2 mA/cm?.

Fig. 4 shows the charge—discharge curves of the lithiated
sample A in the voltage range of 2.0-4.8 V at a current den-
sity of 0.2mA/cm?. It reveals that the voltage profile of the
first charge cycle is very different from the others. There is
a plateau at about 4.5V during the first charge that leads to
an increase in reversible capacity. Lu et al. reported that the
voltage profile of the first charge up to 4.45V is attributed to
extraction of lithium by oxidation of Ni** to Ni**. The plateau
at 4.5V is related to the extraction of the remaining lithium
from the lithium layer with accompanying the oxygen loss [14].
Recently, Shin and Manthiram reported that, if Li* ions could
be removed from the host structure, Mn**-based samples could
show a capacity by the hybridization of O%>~:2p and Mn***:3d
at higher voltage (>4.5 V) [24]. There is a irreversible capacity
of about 30 mAh/g during the first charge—discharge as shown in
Fig. 4. The electrochemical performance of the lithiated sample
(Lig.296Nig.056 Mng 643 02) shows the very interesting results that
the discharge capacity continuously increases upon 1st to 10th
cycles. The lithiated sample (Lij.296Nig.056Mng 64802 ) exhibits
a discharge capacity of 108 mAh/g at Ist cycle and a larger
discharge capacity of 192 mAh/g at 10th cycle.

Fig. 5 shows the differential capacity versus voltage of Li/Li-
inserted sample (Lij 296Nig 056Mng64302) cell in the voltage
range of 2.0-4.8 V at a current density of 0.2 mA/cm?. It shows
that the differential capacity profile of the first charge cycle
is different from the others. The peak at 3.3V separates two
peaks (2.8'V, 3.3 V) after 5th cycle. Wu et al. reported that the
peak located at 3.3 V may be related to the reduction of Cr%*
to Cr** and Cr** to Cr3*, while the peak located at 2.8 V may
be attributed to the reduction of Mn** to Mn?*, which results
from the Mn-rich phase in the presence of less chromium [25].
Lu et al. reported that all the Ni is reduced to Ni** once the
cells reach 3.5V and Mn reduces continuously until the Li
layers are occupied again below 3.5V [14]. However, since
Lij 296Nip.056Mng 64302 material contains negligible amounts
of nickel, it is unreasonable to consider any redox couples related
to nickel for contributing the capacities at 2.8 and 3.3 V. Rather,
it is assumed that both of the capacities at 3.3 and 2.8 V may
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Fig. 5. The differential capacity vs. voltage of Li/Li-inserted sample
(Lij 296Nip.056 Mng 64302) cell in the voltage range of 2.0-4.8V at a current
density of 0.2 mA/cm?.

be attributed to Mn3*/Mn** redox couple arising from Li inser-
tion to tetrahedral and octahedral site in the materials which is
partially transformed to spinel structures in discharging reac-
tions. The lattice energies in specific sites, which directly affect
work function values, are influenced by several factors such as
Madelung constants, polarization effects, crystal field stabiliza-
tion energy, etc. It is hard to state clearly at this stage regarding
the origin of the capacities at 3.3 and 2.8 V. Therefore, a further
study is necessary to understand the relationship between the
potential and the material’s structural information while cycling.

The curve also shows that the peak indicated the Li, O extrac-
tion at higher voltage (>4.5 V) remains on cycling. This suggests
that the continuous increase of capacity may be attributed to the
remaining Li;O after cycling. Shin et al. reported that the suffi-
cient electrochemical inactive Li,MnO3 component contributes
to stabilization of the Li-Ni-Mn—O structures. The discharge
capacities of the Li[NiyLi(13—2:3)Mn23-1/3)]O02 electrodes
increase when the nickel content is small (x < 0.275), and then
stabilize within about 20th cycles [15]. The increase of the peak
height during cycling may be attributed to an increase in elec-
trical contact between the particles of the cathode material [25].
Both the negative shift of the reduction peaks and the positive
shift of the oxidation peaks seem to be related to the increase of
the cell resistance.

4. Conclusions

The nickel-manganese compounds were synthesized by
redox reactions in aqueous solutions at room temperature in
acidic conditions. The selected as-prepared sample obtained
by adding HCl was developed as a precursor for elec-
trode materials to examine the electrochemical activity of
LipMnOs-like Lij 296Nig 056Mng 64302. X-ray diffraction pat-

tern of the lithiated sample (Lij296Nigg56MngeagO2) was
indexed to a layered structure based on hexagonal a-NaFeO»
with signs of superstructure existence indicating a mon-
oclinic LipMnO3 phase. The initial discharge capacity of
the lithiated sample (Lij 296Nig 056 Mng 64307) COIltiIluOuSly
increases during electrochemical cycling. The lithiated sam-
ple (Lij.296Nig 056 Mng 648 02) exhibits the maximum discharge
capacity of 192mAh/g on 10th cycle between 2.0 and 4.8V
at a current density of 0.2mA/cm?. Further study on the syn-
thesis of nickel-manganese nanoparticles in optimized process
conditions for precursor materials is being undertaken.
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