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bstract

The nickel–manganese compounds were synthesized by redox reactions in aqueous solutions using potassium permanganate as an oxidizing
gent at ambient temperature. Also, a layered Li–Ni–Mn–O system was synthesized by using a nickel–manganese compound as precursor for
lectrode materials. X-ray diffraction patterns of the lithiated Li Ni Mn O sample were indexed to a layered structure based on hexagonal
1.296 0.056 0.648 2

-NaFeO2 (space group: R-3m, 166) with signs of monoclinic-related peaks indicating the existence of monoclinic Li2MnO3 phase. The lithiated
i1.296Ni0.056Mn0.648O2 electrode provides the initial discharge capacity of 108 mAh g−1 and the maximum discharge capacity of 192 mAh g−1

etween 2.0 and 4.8 V versus Li/Li+ at 0.2 mA cm−2.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Transition metal oxides are commonly synthesized by
epeated grinding and firing at elevated temperatures of the reac-
ants. The higher firing temperature is required to overcome the
iffusional limitations associated with limitations size of the
eactant particles. Such a high-temperature procedure gives the
arger particle size and inhomogeneity and these difficulties have
rompted materials chemists to design and develop synthesis
ethods that can lower the processing temperatures [1,2]. There-

ore, several low-temperature methods have attracted much
ttention in recent years in order to improve various kinds of
erformances [3–5]. Especially, the low-temperature methods
ead to smaller and uniform particle size, which may be ben-
ficial for electrodes materials development efforts in lithium
atteries.

Layered lithium manganese oxides are of interest as an alter-

ative cathodic material due to their high specific energy, non-
oxicity and low cost. Unfortunately, those layered manganese

aterials transform to the spinel-like phases by Jahn–Teller
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istortion during electrochemical cycling. This transforma-
ion usually leads to poor rate performance and to steps
n the voltage profile [6–8]. To overcome this problem, a
umber of research groups have studied for increasing the
tructural stability of lithium manganese oxides by using a
oncept of a solid solution or nano-composite of LiMO2
M = Ni, Co, Cr) and Li2MnO3 [9–12]. Although whether
he concept of a solid-solution or a nano-composite for-

ation for the LiMO2–Li2MnO3 system is still in debate,
i[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2 of them seems to be a promis-

ng candidate as cathodic material for lithium batteries. The
i[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2 compounds exhibit the ther-
al stability and good electrochemical performance [13–15].
u et al. reported the layered Li[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2

0 ≤ × ≤ 1/2) compounds prepared by the “mixed hydroxide”
ethod. Li[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2 with x = 1/3 shows a

apacity of 200 mAh g−1 at 30 ◦C and a capacity of 220 mAh g−1

t 50 ◦C. Its good electrochemical performance and cycleability
re assumed that all Ni2+ is oxidized to Ni4+ when Li is extracted
rom Li[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2 while maintains its struc-

ural stability by utilize rigid Li2MnO3 as a framework [13].
ecently, many research groups have investigated on the role
f Li2MnO3 framework since Thackeray et al. and Bruce et al.
evealed that the electrochemically inactive Li2MnO3 could be
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Table 1
The results of inductively coupled plasma (ICP) of as-prepared samples

Sample Reactant PH Element Weight percentage (%) Molar ratio

A (adding HCl)
NiCl2·6H2O

1
Ni 5.23

Ni0.089Mn1.034
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the two phases in Fig. 1(b) was understood that the manganese
oxides undergo structural and compositional changes as ele-
vated temperatures (T ∼ 400 ◦C) [20]. For example, �-MnO2 is
decomposes to Mn2O3 at T > 450 ◦C [21]. Although any phases
KMnO4

(adding KOH)
NiCl2·6H2O

11KMnO4

ctivated by acid treatment or by charging it to a high potential
16–19].

In this work, the nickel–manganese compounds were syn-
hesized by redox reactions in aqueous solutions using potas-
ium permanganate as oxidizing agents at ambient tem-
erature. The prepared particles were used as a precursor
or electrode materials by lithiation with lithium hydroxide.
i1.296Ni0.056Mn0.648O2 material was prepared and its elec-

rochemical characteristics were investigated. It is particularly
nteresting to observe a stable electrochemical performance of
i1.296Ni0.056Mn0.648O2 material since it has almost identical
toichiometry and crystalline characteristics to Li2MnO3, which
as been known as an electrochemically inactive material.

. Experimental

The nickel–manganese compounds were synthesized by
eacting an aqueous solution of nickel chloride with potassium
ermanganate as oxidizing agent by two different conditions
adding HCl or KOH). In one condition, by using a burette a
0 mL aqueous solution of a 0.5 M NiCl2·6H2O and a 50 mL
queous solution of a 0.5 M HCl were dropped slowly into 50 mL
f a 0.5 M KMnO4 solutions that was stirred constantly with a
agnetic stirrer. In another condition, a 50 mL aqueous solution

f a 0.5 M KOH substituting HCl was put into 50 mL of a 0.5 M
MnO4 solutions by using a burette. The precipitate formed

fter 1 day of reaction was filtered, washed several times with
istilled water to remove other reaction products. The precipi-
ates were then dried in an oven at 100 ◦C for 6 h. To investigate
he electrochemical activity of Li2MnO3, the as-prepared sample
btained by adding HCl was selected and lithiated. In accordance
o the ICP result of the as-prepared samples (Table 1), the as-
repared sample A was mixed with the stoichiometric amount
f Li(OH)·2H2O and ground. The mixture was palletized and
eated in air at 800 ◦C for 3 h and quenched to room tempera-
ure.

The crystalline nature and morphologies of the products were
haracterized by X-ray powder diffraction (XRD), and field
mission scanning electron microscope (FESEM). The struc-
ural characterization of the synthesized samples was carried out
ith X-ray powder diffraction. The X-ray patterns were recorded
ith a counting degree of 2.00 deg min−1 in 2θ range from 10◦

o 80◦ by using a Rigaku D/MAX UltimaIII High Resolution
-ray diffractometer (Cu K� radiation, wave length 1.5406 Å).

he morphology and particle size of the samples were char-
cterized with S-4700 FESEM. The chemical composition of
he as-prepared samples was determined by inductively coupled
lasma (ICP) using a Perkin-Elmer 4300 DV analyzer.

F
s
B

Mn 56.82
Ni 47.61

Ni0.811Mn0.371Mn 20.4

For electrochemical measurements, lithium-inserted mate-
ials were mixed with a carbon black and PTFE binder. This
ixture were pressed onto a stainless steel mesh and dried

nder vacuum at 180 ◦C for 5 h. The cell consisted of a cath-
de and lithium metal anode separated by a glass fiber. The
sed electrolyte was a 1:1 mixture of ethylene carbonate (EC)
nd dimethyl carbonate (DMC) containing 1 M LiPF6. The cells
ere assembled in a glove box under argon atmosphere and

ested between 2.0 and 4.8 V versus Li/Li+ at 0.2 mA cm−2 by
sing Battery Tester System 2004.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the samples
btained by reacting an aqueous solution of nickel chloride with
otassium permanganate as oxidizing agent. The as-prepared
amples show no discernible reflections in the X-ray powder
iffraction pattern since those samples were synthesized by
edox reactions in aqueous solutions at room temperature as
hown in Fig. 1(a) and (c). To characterize the crystal structure,
-ray powder diffraction patterns were also recorded after firing

t 500 ◦C for 6 h. The X-ray patterns of the fired sample A show
he existence of the two phases corresponding to tetragonal �-

nO2 and cubic Mn2O3 as shown in Fig. 1(b). The existence of
ig. 1. The X-ray power diffraction patterns of the samples: (a) as-prepared
ample A; (b) after firing the sample A at 500 ◦C for 6 h; (c) as-prepared sample
; (d) after firing the sample B at 500 ◦C for 6 h.
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ig. 2. The Field Emission SEM micrograph of the samples of: (a) as-prepared
fter firing sample B at 500 ◦C for 6 h.

elated to nickel was not found by X-ray diffraction patterns, the
esult of ICP shows the small amount of nickel was contained in
he as-prepared sample A (Table 1). Also, the X-ray patterns of
he fired sample B show the existence of the two phases corre-
ponding to tetragonal �-MnO2 and Rhomboheral NiMnO3 as
hown in Fig. 1(d).

Fig. 2 shows the FESEM micrographs revealing the mor-
hology of the samples. While the FESEM micrograph of the
s-prepared sample A shows that the as-prepared sample A is in
he form of spherical agglomerates, approximately 0.8–1.0 �m
n diameter, the sample A obtained by firing at 500 ◦C for 6 h
as the smaller primary particles (<30 nm) with narrow particle
ize distribution as shown in Fig. 2(a) and (b). The as-prepared
ample A exhibits loosely bonded agglomerates with very weak
nter-particle bonding forces so that it readily decomposes to
ndividual nanoparticles once enough activating treatments are
nduced. The FESEM micrograph of the as-prepared sample B
hows that the average particle size was approximately 15 nm

n diameter with uniform particle size distribution as shown in
ig. 2(c). Firing this sample B at 500 ◦C for 6 h causes the size
f original primary particles increase to about 100 nm as shown
n Fig. 2(d).

t
T
o
e

le A; (b) after firing sample A at 500 ◦C for 6 h; (c) as-prepared sample B; (d)

Fig. 3 shows the X-ray powder diffraction patterns, the
ietveld refinement result for the X-ray powder diffraction
atterns and the FESEM micrograph of the lithiated sample

(Li1.296Ni0.056Mn0.648O2) prepared by quenching at 800 ◦C.
he X-ray diffraction patterns of Li1.296Ni0.056Mn0.648O2 were

ndexed a layered structure based on hexagonal �-NaFeO2
space group: R-3m, 166), except for broad peaks between 20◦
nd 25◦ as shown in Fig. 3(a) and (b). These broad peaks
ndicate the short-ranged superstructure ordering of the Li, Ni,
nd Mn atoms in the transition metal layers and indicating the
resence of monoclinic Li2MnO3 phase [13,22]. If the lithium
nd manganese ions in the transition metal layers are par-
ially disordered by nickel ions, superstructure peaks will be
hown as broad buckle. Table 2 shows the structural parame-
ers determined by Rietveld refinement for the lithiated sam-
le A (Li1.296Ni0.056Mn0.648O2). The Rietveld refinement result
hows that the reliability values is relatively high because the
-ray powder diffraction patterns have the broad peaks and
he maximum intensity is very low as shown in Fig. 3(b) and
able 2. The sample shows 4.99 of a trigonal distortion value
f c/a ratio of 4.99, which indicates that it os ordered lay-
red materials. A 4.90 corresponds to cubic lattice constants
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ig. 3. (a) The X-ray powder diffraction patterns; (b) the Rietveld refinement
ithiated sample A (Li1.296Ni0.056Mn0.648O2) prepared by quenching at 800 ◦C.

nd c/a ratio of well-layered LiCoO2 is 4.99. Also the clear
plitting between the (0 1 8)/(1 1 0) peaks indicates that all the
repared samples have a well-defined layered structure. In fact,
he Li1.296Ni0.056Mn0.648O2 (Li1.944Ni0.056Mn0.972O3) material
as a very small amount of Ni with similar chemical composi-
ion to Li2MnO3 suggesting that it might have monoclinic and
hombohedral crystallographic characteristics simultaneously.
oth of monoclinic and rhombohedral structures holding the

lane of closely packed oxygen exhibit a similar X-ray diffrac-
ion pattern such as (0 0 2), (2 0 2) planes of monoclinic structure
verlapped to the (0 0 3), (1 0 4) planes of rhombohedral struc-
ure, respectively, since lithium and oxygen layers in the mon-

able 2
he Rietveld fit results of the lithiated sample A (Li1.296Ni0.056Mn0.648O2) pre-
ared by quenching at 800 ◦C

(Å) 2.848
(Å) 14.233
/a 4.997
B (%) 12.1
F (%) 9.1
oF 1.8

t
l
F

s
s
fi
a
a
v
e
a
f
[

for the X-ray powder diffraction patterns; (c) the FESEM micrograph of the

clinic structure shows almost exactly same packing sequence
s rhombohedral structure except a transition metal layer. The
orphology of the lithiated sample A together with XRD results

eveals that the particles are well crystallized. The particles of
he lithiated sample A (Li1.296Ni0.056Mn0.648O2) shows non-
gglomerated primary particles with approximately 2–3 �m in
ize as shown in Fig. 3(c). It has been reported that manganese
xide has a substantially tendency for crystal growth with respect
o a solid-state reaction at high temperature [23] resulting much
arger particles than the samples heated at 500 ◦C as shown in
ig. 2.

Fig. 4 shows the charge–discharge curves of the lithiated
ample A in the voltage range of 2.0–4.8 V at a current den-
ity of 0.2 mA cm−2. It reveals that the voltage profile of the
rst charge cycle is very different from the others. There is
plateau at about 4.5 V during the first charge that leads to

n increase in reversible capacity. Lu et al. reported that the
oltage profile of the first charge up to 4.45 V is attributed to

xtraction of lithium by oxidation of Ni2+ to Ni4+. The plateau
t 4.5 V is related to the extraction of the remaining lithium
rom the lithium layer with accompanying the oxygen loss
14]. Recently, Shin et al. reported that, if Li+ ions could be
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ig. 4. Charge–discharge curves of Li/Li-inserted sample A (Li1.296Ni0.056

n0.648O2) cell in the voltage range of 2.0–4.8 V at a current density of
.2 mA cm−2.

emoved from the host structure, Mn4+-based samples could
how a capacity by the hybridization of O2−:2p and Mn4+/5+:3d
t higher voltage (>4.5 V) [24]. There is a irreversible capacity of
bout 30 mAh g−2 during the first charge–discharge as shown in
ig. 4. The electrochemical performance of the lithiated sample
(Li1.296Ni0.056Mn0.648O2) shows the very interesting results

hat the discharge capacity continuously increases upon 1st to
0th cycles. The lithiated sample A (Li1.296Ni0.056Mn0.648O2)
xhibits a discharge capacity of 108 mAh g−2 at 1st cycle and a
arger discharge capacity of 192 mAh g−2 at 10th cycle.

Fig. 5 shows the differential capacity vs. voltage of
i/Li-inserted sample A (Li1.296Ni0.056Mn0.648O2) cell

n the voltage range of 2.0–4.8 V at a current density of
−2
.2 mA cm . The peak at 3.3 V separates into two peaks

2.8, 3.3 V) after fifth cycle shown in Fig. 5. Since Mn4+

Li2MnO3), which was designed as framework reduced to
n3+ due to oxidation of the oxygen ion in the crystal structure

ig. 5. The differential capacity vs. voltage of Li/Li-inserted sample A
Li1.296Ni0.056Mn0.648O2) cell in the voltage range of 2.0–4.8 V at a current
ensity of 0.2 mA cm−2.
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O2− +δ + Mn4+ → O2− + Mn4+–1/4δMn4+ + 1/3δMn3+) [25],
wo distinct plateaus might be shown at 3.3, 2.8 V indicating the
ransformation to a spinel structure happens. Lu et al. reported
hat all the Ni is reduced to Ni2+ once the cells reach 3.5 V
nd Mn reduces continuously until the Li layers are occupied
gain below 3.5 V [14]. Nahm et al. reported that in the case
f Ni-doped Li0.7[Li1/12Ni1/12Mn5/6]O2 the transition of Mn4+

o Mn3+ will begin after all Ni4+ are totally reduced into Ni2+

uring the charge process. This phenomenon is able to reduce
he rapid capacity fading induced during the charge/discharge
rocesses [26]. However, since Li1.296Ni0.056Mn0.648O2 mate-
ial contains negligible amounts of nickel, it is unreasonable to
onsider any redox couples related to nickel for contributing
he capacities at 2.8 and 3.3 V. Rather, it is assumed that both of
he capacities at 3.3 and 2.8 V may be attributed to Mn3+/Mn4+

edox couple arising from Li insertion to tetrahedral and
ctahedral site in the materials, which is partially transformed
o spinel structures in discharging reactions. Therefore, the
mall amounts of Ni in the sample seems act as defects in
i2MnO3 to facilitate electrochemical reaction of Li2MnO3-

ike compound [16–19]. The lattice energies in specific sites,
hich directly affect work function values, are influenced by

everal factors such as Madelung constants, polarization effects,
rystal field stabilization energy, etc. It is hard to state clearly
t this stage regarding the origin of the capacities at 3.3 and
.8 V. Therefore, a further study is necessary to understand the
elationship between the potential and the material’s structural
nformation while cycling. The curve also shows that the
eak indicated the Li2O extraction at higher voltage (>4 V)
emains on cycling. This suggests that the continuous increase
f capacity may be attributed to the remaining Li2O after
ycling. Shin et al. reported that the sufficient electrochemical
nactive Li2MnO3 component contributes to stabilization of
he Li–Ni–Mn–O structures. The discharge capacities of the
i[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2 electrodes increase when the
ickel content is small (x ≤ 0.275), and then stabilize within
bout 20th cycles [15]. The increase of the peak height during
ycling may be attributed to an increase in electrical contact
etween the particles of the cathode material [27]. Both the
egative shift of the reduction peaks and the positive shift of
he oxidation peaks seem to related to the increase of the cell
esistance.

. Conclusions

The nickel–manganese compounds were synthesized
y redox reactions in aqueous solutions at room temper-
ture in two different conditions (adding HCl or adding
OH). The selected as-prepared sample obtained by adding
Cl was developed as a precursor for electrode materials

o examine the electrochemical activity of Li2MnO3-like
i1.296Ni0.056Mn0.648O2. X-ray diffraction patterns of the
ithiated sample A (Li1.296Ni0.056Mn0.648O2) was indexed
o a layered structure based on hexagonal �-NaFeO2 with
igns of superstructure existence indicating of monoclinic
i2MnO3 phase. The initial discharge capacity of the lithiated
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ample A (Li1.296Ni0.056Mn0.648O2) continuously increases
uring electrochemical cycling. The lithiated sample A
Li1.296Ni0.056Mn0.648O2) exhibits the maximum discharge
apacity of 192 mAh g−1 on 10th cycle between 2.0 and 4.8 V
t a current density of 0.2 mA cm−2. Further study on the
ynthesis of nickel–manganese nanoparticles in optimized
rocess conditions for precursor materials is being undertaken.
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