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bstract

The electrochemical performance of the high-voltage spinel LiNi0.5Mn1.5O4 was improved by doping the original material with the transition
etal ion such as trivalent chromium, Cr3+, which had larger bonding strength with oxygen and no Jahn–Teller effect. These high-voltage spinel

ompounds were prepared by the mechanochemical process, and the synthetic condition was optimized for the best electrochemical performance. It
s believed that the high homogeneity of the mixture prepared by mechanical activation helps the synthesis of the phase-pure LiNi0.5−xMn1.5−yMx+yO4

ompound. The doping with the transition metal can enhance the electrochemical properties of LiNi0.5Mn1.5O4 because the large bonding energy
etween the transition metal and the oxygen prevents the doped spinel from being oxygen-deficient during the high temperature synthesis process,
eading to the structural and chemical stability in LiNi0.5Mn1.5O4. The XRD patterns for the doped materials exhibited no impurity phase such as

izNi1−zO commonly found in original LiNi0.5Mn1.5O4 probably due to this structural stability of the doped materials. In addition, it is inferred

hat the improved cyclic performance is mainly attributed to the reduction of the Jahn–Teller distortion by substituting some portion of the high
pin Mn3+ ions with other transition metal and less Mn dissolution of the doped spinel into the electrolyte, which effectively reduces the increase
f impedance during the electrochemical cycling.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, nickel-substituted manganese spinel, LiNi0.5Mn1.5

4 has been intensively studied as one of the most promis-
ng alternatives for the cathode materials of the fast-growing
igh-power lithium secondary batteries [1–11]. This material
specially has attracted people’s attention because it exhibits the
ighest practical 5 V capacity compared with other high-voltage
lass cathode materials such as spinel LiM0.5Mn1.5O4 (M = Cu
12,13], Co [14,15], Fe [13,16]), inverse spinel LiNiVO4 [17],
livine-structured LiCoPO4 [18] and so on. The origin of the
igh voltage plateau of LiNixMn2−xO2 type spinel compound
as ascribed to the difference (∼0.5 eV) in binding energy of the

op valence band between nickel Ni2+ 3d eg (↑↓) and manganese

n3+ 3d eg (↑) level observed from the ultraviolet photoelectron

pectroscopic study [3].

∗ Corresponding author. Tel.: +82 2 958 5226; fax: +82 2 958 5229.
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But, it has been reported that spinel LiNi0.5Mn1.5O4 material
hows a non-negligible capacity fading during the electrochem-
cal cycling due to the structural and chemical instabilities
esulting from the high spin Mn3+ ions, which is closely related
ith the oxygen deficiency of the spinel compound and the

ormation of impurity phases during the heat treatment pro-
ess at the high temperatures [2,4,9]. In an ideal case, no
n3+ ions should be present in the stoichiometric compound,

iNi0.5Mn1.5O4, and all Mn3+ ions should be substituted by
i2+ ions. However, small amount of Mn3+ is often observed

n the compound after the high temperature heat-treatment,
eading to the advent of nickel-oxide-like peaks in its X-ray
iffraction (XRD) patterns and the existence of 4 V capacity in
he cyclic voltammogram [2,4,5,9] Past studies by some work-
rs indicated that the extent of Ni substitution for Mn3+ in
pinel LiNixMn2−xO4 structure has a solubility limit around
≈ 0.5 and an extra amount of Ni beyond this limit could only

xist as impurity phases such as LizNi1−zO (z ≈ 0.2) [4]. Other
esearch group has noted that the manganese valence state in
iNi0.5Mn1.5O4 is highly susceptible to the synthetic tempera-

ure range or the cooling rate of heat-treatment process [2]. They

mailto:sho74@kist.re.kr
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ay that manganese ion is easy to be trivalent above a certain crit-
cal temperature level, and through a proper annealing process,
mall amount of Mn3+ ions, which is regarded to be greatly
etrimental for the electrochemical and structural property, left
n the compound can be completely transformed into Mn4+.

In this study, we have optimized the synthetic conditions of
etal-doped LiNi0.5Mn1.5O4 through a mechanochemical pro-

ess, and the structural and the electrochemical characteristics
f the synthesized compound were investigated. It has been
nown that by introducing an appropriate doping element like
hromium, which has large bond dissociation energy (or bond
trength) with oxygen, the formation of impurity phases can
e efficiently suppressed by relieving oxygen deficiency at the
igh temperature during the heat-treatment [4,9,13]. Besides, the
ffect of Jahn–Teller distortion of Mn3+ during the electrochem-
cal cycling can be significantly mitigated by the substitution of
rivalent Mn3+ with the other transition metal ion such as Cr3+,
hich has only three electrons in its 3d energy level and there-

ore retains no Jahn–Teller distortion. The mechanochemical
rocess or high-energy ball milling is a common method to pre-
are a highly homogenous mixture of powders of several species
hrough mechanical activation [10,19–22]. It is believed that the
rictional energy triggered by the movement of the balls and
owders and the rotation of the bowl, promotes certain chemical
eactions between the raw particles. The conventional solid-state
ethod to synthesize the high-performance LiNi0.5Mn1.5O4 has

een reported unsuccessful so far due to the formation of nickel-
xide-like phases and the chemical instabilities of Mn3+ ions
ith electrolyte, resulting from the local inhomogeneity in the
icrochemistry and the large diffusion path between the parti-

les during synthetic process [2,4,5].

. Experimental procedure

The mechanochemical process was employed to synthesize the high-
erformance LiNi0.5−xMn1.5−yMx+yO4 (M = Cr, Ti, Fe, Zn) cathode material,

n which planetary-type ball mill was adopted for the mechanical activation of
he starting materials. Proper amount of Li2CO3, MnO2, Ni(OH)2 together with
mall amount of the doping materials such as Cr2O3, TiO2, Fe2O3, and ZnO was
eighed and poured into 500 ml zirconia bowl at the same time. Considering ball

o powder ratio (BPR) equal to 5:1, zirconia ball with Ø 10 mm, was weighed

t
a
F
d

Fig. 1. (a) TGA results for the starting materials, Li2CO3, Ni(OH)2, MnO
ompounds 452 (2008) 389–396

nd also put into the same bowl. After that, the powder was ball-milled at a speed
f 400 rpm for 30 min. Thermogravimetric analysis (TGA) and differential scan-
ing calorimetry (DSC) were performed in the air atmosphere at a heating rate of
◦C/min for the starting materials to determine a relevant heat schedule. After

hat, the ball-milled powder was collected and subjected to further two-step heat
reatment at 600 ◦C for 8 h in air and subsequently, at 800–900 ◦C for 12 h in the
ir or sometimes in the flowing oxygen atmosphere.

Structural properties of the synthesized compounds were studied by the X-
ay diffraction technique (XRD). The surface and particle morphology of the
ynthesized materials were analyzed by scanning electron microscopy (SEM)
mages. The electrochemical cycling performance of the materials was studied
y assembling coin-type cells (CR2032) and the cells were galvanostatically
ycled at a 0.5 C rate (1C = 147 mA/g) between 3.5 and 5.0 V in a multi-channel
attery tester. The cyclic voltammogram was obtained by scanning the cell at a
low rate of 20 �V/s. The synthesized cathode materials were mixed with 10%
arbon black and 3% polyvinylidene fluoride (PVdF) as a binder, and made
nto a slurry using N-methylpyrrolidinone (NMP) as a solvent and coated onto
luminum foil which was used as a current collector. The typical loading rate
f active materials was about 7.5 mg/cm2 with 40–50 �m thickness. The coated
luminum foil was allowed to dry in hot oven at 80 ◦C and then it was roller
ressed to better adhere the materials to the current collector. The cathodes
ere punched from the foil. The cells were assembled inside drying room using

ithium metal as an anode, polypropylene (PP) film as a separator and a 1 M
iPF6 in 1:1:1 ethylene carbonate (EC), ethylmethyl carbonate (EMC), dimethyl
arbonate (DMC) co-solvent as an electrolyte.

. Results and discussion

The thermogravimetric behavior of the starting materials for
he synthesis of LiNi0.5Mn1.5O4 was shown in Fig. 1(a and b).
he source materials for the major transition metal components
i, Mn, dissociated rapidly at the relatively low temperature

egion, while lithium carbonate remained intact up to 700 ◦C.
he oxide doping materials such as Cr2O3 showed little weight
ain or loss throughout the temperature scan, for which TG data
ere therefore left out here. However, it seems that the TG and
SC data for the mixed power indicates that the major syn-

hetic process occurs below 600 ◦C and about 18% of the initial
tarting materials, is burned up during the firing, which is in
ood agreement with the mathematical calculation considering

he weight loss between the initial and the final materi-
ls involved (Li2CO3 + MnO2 + Ni(OH)2 → LiNi0.5Mn1.5O4).
rom Fig. 1a, it seems that quadrivalent manganese oxide MnO2
issociates abruptly around 550 ◦C to become trivalent Mn2O3

2, and the mixed powder and (b) DSC results for the mixed powder.



S.H. Oh et al. / Journal of Alloys and Compounds 452 (2008) 389–396 391

F 1.5O4: (a) as ball-milled powder and (b) power after heat-treatment at 600 ◦C for 8 h.
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ig. 2. SEM images of the intermediate compound for synthesizing LiNi0.5Mn

2MnO2 → Mn2O3 + 1/2O2), which implies that Mn3+ ion is
ore stable than Mn4+ in the high temperature region above

his temperature. This unique feature of the manganese oxide
uggests that the insufficient homogeneity of the mixed pow-
er can result in the formation of Mn3+ in the LiNi0.5Mn1.5O4
ompound during the high temperature calcination, which is
egarded to be detrimental in the structural and chemical sta-
ility with electrolyte and results in the capacity fading in the
lectrochemical test.

In Fig. 2a, the microstructure of the ball-milled powder
eveals the agglomerate structure of primary particles with sub-
icron size around 0.1–0.2 �m, which may result from the

act that the high-energy of ball milling induces the fracture
nd homogeneous mixing of the starting materials. Besides,
lthough the powder after heat-treatment at 600 ◦C shows lit-
le difference from the just ball-milled powder, XRD patterns
n Fig. 3 indicate that the significant crystallographic devel-
pment occurs after the heat-treatment at 600 ◦C. That is, the
RD pattern for just ball-milled powder (Fig. 3a) shows broad

nd ambiguous peaks, whereas that for the powder after heat-

reatment (Fig. 3b) shows the typical peaks observed in the
pinel structure. The sharp and more developed peaks in Fig. 3c
enote further crystallization of the spinel structure in higher
emperatures.

ig. 3. X-ray diffraction patterns for the intermediate and final compounds dur-
ng the synthetic process of LiNi0.5Mn1.5O4 materials: (a) as ball-milled powder,
b) powder after heat treatment at 600 ◦C and (c) and powder after heat treatment
t 800 ◦C.
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ig. 4. (a) Cyclic performance of the cells made of LiNi0.5−xMn1.5MxO4

M = Mn, Cr, Fe, Ti, Zn) cathode materials synthesized by conventional solid-
tate method (CSS) and by mechanochemical process (MCP).

The effect of the mechanochemical activation on the elec-
rochemical performance of the synthesized powder of various
ompositions is shown in Fig. 4. It was found that the specific
ischarge capacities of the all cathode materials synthesized
y MCP were substantially greater than those by conventional
olid-state method although both of the two synthetic pro-
esses showed relatively good cyclic capacity retention of more
han 90% at the 50th cycle. This may reflect the fact that the
igh energy of the ball milling promoted the mixing and the
omogenization between the starting materials, which helped
he synthesis of good crystalline cathode materials.

The composition of the synthesized powder LiNi0.5Mn1.5O4,

iCr0.1Ni0.4Mn1.5O4 was analyzed through the ICP and AAS,
nd the results were tabulated in Table 1. Both powders from
he conventional solid-state method and MCP showed a reason-
bly good agreement with the targeted composition although

able 1
he result of elemental analysis of the compounds by ICP&AAS

aterial/element Li Ni Mn Cr Zr

iNi0.5Mn1.5O4
a 0.98 0.50 1.50 – –

iNi0.5Mn1.5O4 0.99 0.50 1.50 – –
iCr0.1Ni0.4Mn1.5O4 1.03 0.40 1.51 0.09 4.52E−04

a Synthesized by conventional solid state method.
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Fig. 5. SEM images for: (a) LiCr0.1Ni0.4Mn1.5O4, (b) LiFe0.1N

he lithium contents were a little smaller than the expected in
ase of LiNi0.5Mn1.5O4. The amount of zirconium contents in
iCr0.1Ni0.4Mn1.5O4 were checked to confirm if any impurity
hould be introduced from the balls and bowl during the ball-mill
rocess. According to the analysis, very small amount of zirco-
ium was detected (less than 5 × 10−4), which can be regarded
o have a negligible effect on the electrochemical performance
nd it can be said that the contamination from the bowl and ball
ounts little.

Fig. 5(a–d) describes the morphological variations of the
iNi0.5−xMn1.5MxO4 (M = Cr, Fe, Ti, Zn) compound synthe-

◦
ized at 800 C for 12 h by the mechanochemical process. As
hown in the figure, all the compounds exhibit similar octa-
edral shapes generally found in the spinel structure with a
rimary particle size around 0.1–0.2 �m regardless of their com-

t
p
T
p

ig. 6. X-ray diffraction patterns for series of LiNi0.5−xMn1.5MnxO4 (M = Mn, Cr) ma
nd (b) near (4 0 0) peak.
n1.5O4, (c) LiTi0.2Ni0.3Mn1.5O4 and (d) LiZn0.1Ni0.4Mn1.5O4.

ositions. Thus, these materials are believed to harbor a good
rystallinity.

The X-ray diffraction patterns for analyzing the crystal-
ographic structure and the impurity phases of the doped
ompounds synthesized by mechanochemical process are shown
n Fig. 6(a and b). For this analysis, six types of spinel com-
ounds have been prepared, each sample possessing a different
omposition or a preparing condition, which is tabulated in
able 2. The bare (Nos. 2 and 3) and the chromium-doped
iNi0.5Mn1.5O4 (Nos. 4–6) compounds with a different cal-
ination atmosphere were prepared to investigate the effect of

ransition metal doping and the contribution of the oxygen partial
ressure during the calcination process on the spinel structure.
he LiMn2O4 compound (No. 1), where Mn3+ ion has the same
opulation with Mn4+, and thus has strong Jahn–Teller dis-

terials synthesized by mechanochemical process: (a) XRD patterns (10–80 ◦C)
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Table 2
The nominal compositions of the compounds synthesized for the analysis of X-ray diffraction pattern and their expected valence states of transition metals (TM)

Sample no. Composition Aimed valence state of TM Heat treatment/atmosphere

1 LiMn2O4 [Mn3+]1.0[Mn4+]1.0 Calcined at 800 ◦C in O2

2 LiNi0.5Mn1.5O4 [Ni2+]0.5−x[Mn3+]2x[Mn4+]1.5−x Calcined at 800 ◦C in air
3 LiNi0.5Mn1.5O4 [Ni2+]0.5[Mn4+]1.5 Calcined at 800 ◦C in O2

4 LiCr0.1Ni0.40Mn1.50O4 [Cr3+]0.1[Ni2+]0.4[Mn3+]0.1[Mn4+]1.4 Calcined at 800 ◦C in air
5 r3+]0

6 r3+]0
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LiCr0.1Ni0.40Mn1.50O4 [C
LiCr0.1Ni0.45Mn1.45O4 [C

ortions and larger lattice parameters, was synthesized for the
omparison with the high voltage spinels. Table 2 also shows the
argeted valence state of transition metal in the synthesized com-
ound, where the valence states of the nickel and the chromium
re assumed to be fixed to +2 and +3, respectively, whereas
hat of manganese can become +3 or +4 depending on the com-
ound composition and synthetic conditions. Because it has been
nown that the substitution of Cr in LiMn2−yCryO4 spinel leads
o a conversion of some Cr3+ to Cr6+, which is known as undoubt-
dly noxious species, for y > 0.2, and further replacement could
esult in the formation of LiCrO2 impurity phase (y > 0.8) [26],
urthermore it has been reported that the electrochemical perfor-
ance of LiCryNi0.5−yMn1.5O4 cathode improves as chromium

ontents increases [9], we set the amount of doped chromium to
.1 for safety in this study.

In Fig. 6a, all the XRD patterns for the compounds prepared
y the mechanochemical process showed a good crystallinity
ith typical peaks commonly observed in Fd3m space group

xcept the LiNi0.5Mn1.5O4 compound synthesized in the air,
hich showed series of distinct impurity peaks in Fig. 6(a and
) related with LizNi1−zO, compared with other compounds.
he LiNi0.5Mn1.5O4 compound synthesized under the O2 atmo-
phere also showed a weak hump related with impurity phase
n its XRD pattern, but much smaller intensity indicates that
he control of oxygen partial pressure has profound effect to
liminate impurity phase and thus suppress Mn3+ ions in the
ompound. The peaks for impurity phase were not observed for
he all the doped compounds, where the strong bonding strength
f chromium with oxygen is believed to effectively suppress the
dvent of impurities, which may be related with existence of
n3+ ions in the compound. The Mn3+ ions in the spinel struc-

ure induce repeated Jahn–Teller distortion as well as redundant
V capacity due to the Mn3+/Mn4+ redox reaction near 4.1 V
uring the electrochemical test.

The lattice parameters a0 for all the compounds, calculated

y the least square method using the 10 major diffraction lines
rom the XRD pattern, were shown in Table 3. As depicted in
he table, all the high-voltage spinel materials have significantly
maller lattice parameters than LiMn2O4 (No. 1) due to the elim-

able 3
he lattice parameters of various compositions of LiNi0.5−xMn1.5MxO4 com-
ounds synthesized by the mechanochemical process shown in Table 2

ample no. 1 2 3 4 5 6

0 (Å) 8.2422 8.1959 8.1657 8.1888 8.1663 8.1757

M
e
w
t
Z
c
F

d
L
r

.1[Ni2+]0.4[Mn3+]0.1[Mn4+]1.4 Calcined at 800 ◦C in O2

.1[Ni2+]0.45[Mn4+]1.45 Calcined at 800 ◦C in O2

nation of big Mn3+ ions, in the spinel structure. Because it is
elieved that LiNi0.5Mn1.5O4 compound (No. 2) calcined in the
ir carries more Mn3+ ions than No. 3 synthesized in O2 atmo-
phere does, the lattice parameter of this No. 2 compound was
lightly larger since the ionic size of Mn4+(0.530 Å) is much
maller than Mn3+(0.645 Å) [4,23]. Besides, because the ionic
adius of Cr3+ are 0.615 Å, which is a little smaller than that
f Mn3+, the doped material (No. 4–6) showed relatively small
attice parameters compared with the bare materials containing
arge amount of Mn3+ ions (No. 2), but they exhibited larger
attice parameter than No. 3 compound, which has small Mn3+

ons in its structure. This may be explained by the fact that the
attice parameters of the high voltage spinels are likely to depend
n the amount of Mn3+ ions within the spinel structure, while
oping materials contributes just a small portion to the overall
pinel structure [2,4].

It has been pointed out that by doping a relevant transition
etal like chromium, which has large bond dissociation energy
ith the oxygen, the formation of impurity phases can be con-

rolled by reducing the oxygen deficiency at the high temperature
uring the calcination [4,9,13], and the substitution of some por-
ion of nickel by other transition metal works out the solubility
roblem of nickel into the spinel structure [4], which was verified
y the XRD patterns in Fig. 6a. In addition, the harmful effect
f Jahn–Teller distortion of Mn3+ ion during the electrochemi-
al cycling can be well enough mitigated by the substitution of
n3+ with other transition metal ion such as Cr3+, which has

nly three electrons in its 3d t2g (↑) energy level and therefore
etains no Jahn–Teller distortion. It is inferred that this struc-
ural stability of the doped spinel also enhances the chemical
tability of Mn3+ with electrolyte at the interface, and less Mn
issolution occurs (Mn3+ → Mn4+ + Mn2+(sol)). Table 4 shows
he bond dissociation energies and the ionic radii for the various
ransition metals involved with the high-voltage spinel such as

n, Ni, Cr, Fe, Ti, and Zn. Because the doping metal replaces
n3+ or Ni2+ in the spinel structure, similar ionic radius (for

xample, Cr3+, Ti4+) for the doping metal with Mn3+ (or Ni2+)
ill be favorable to the synthesis of doped materials. From the

able, bond strengths of Cr and Ti exceed that of Mn, whereas Fe,
n has smaller bond strength, which implies that Cr or Ti doped
ompound will exhibit better electrochemical performance than
e or Zn doped compounds.
Fig. 7(a and b) shows the cyclic performance and the
ischarge profiles of the first cycle, for the cells made of
iNi0.5−xMn1.5MxO4 (M = Ni, Cr, Fe, Ti, Zn) cathode mate-

ials synthesized by the mechanochemical process and a lithium
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Table 4
Bond dissociation energies of the representative transition metals with oxygen
and the ionic radii of the various transition metals when the coordination number
is six

Bond dissociation energies
�Hf(298 K) (kJ/mol)

Ionic radii (CN = 6) of
transition metal

Bond �Hf Valence number Radius (Å)

Mn O 402 3+ 0.645
4+ 0.530

Ni O 382 2+ 0.690
Cr O 461 3+ 0.615
Fe O 390 3+ 0.550
Ti O 672 4+ 0.610
Z
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n O 159 2+ 0.740

node. The cells were cycled between 3.5–5.0 V at C/2 rate (1C =
47 mA/g). As can be seen in Fig. 7a, LiCr0.1Ni0.4Mn1.5O4
ompound synthesized in the O2 atmosphere exhibited the high-
st gravimetric capacity near 140 mAh/g and the best cyclic
tability, while all the other compounds shows some effect in
mproving the capacity retention. It is believed that the higher
ond strength of the chromium with oxygen (467 kJ/mol) than

hat of Mn O (402 kJ/mol) played an important role in pre-
enting the compound from being oxygen deficient at the high
emperature and reduce the dissolution of manganese ion into
lectrolyte during the electrochemical cycling, resulting in an

t
m
O
a

ig. 7. (a) Cyclic performance and (b) discharge profiles of the cells made of LiN
echanochemical process.

able 5
V and 5 V capacities of the synthesized cathode materials

ample Total discharge
capacity

<4.2 V

Capacity Percentage (%

iNi0.5Mn1.5O4 122.2 11.2 9
iCr0.1Ni0.4Mn1.5O4 132.7 19.7 15
iCr0.1Ni0.4Mn1.5O4(O2) 139.0 13.5 10
iFe0.1Ni0.4Mn1.5O4 125.5 25.5 20
iTi0.2Ni0.3Mn1.5O4 131.3 54.3 41
iZn0.1Ni0.4Mn1.5O4 114.5 32.5 28

apacity unit, mAh/g.
ompounds 452 (2008) 389–396

mproved capacity retentions. It is reported that the dissolution
f the transition metal from the cathode material dramatically
ncreases the interfacial impedance of the electrochemical cell
uring the charge-discharge cycling, and is classified as one of
he major deteriorating mechanisms [24,25]. The increased oxy-
en partial pressure during the calcination is also believed to help
vercome the oxygen deficiency problem of the high-voltage
pinel. Zn doped spinel, which has low bond strength with oxy-
en, also showed better cyclic performance than bare material
ut it suffered from the low initial discharge capacity.

In the discharge profiles in Fig. 7b, all the compounds
xhibit substantial fraction of 4 V capacity, originating from the
edox reaction of Mn3+ existing in the LiNi0.5−xMn1.5MxO4
ompound or that of the doping element, M�/M�+1. The
raction of the contributions from 4 or 5 V capacity to the
otal discharge capacity was tabulated in Table 5. The bare
iNi0.5Mn1.5O4 compound also exhibited 9% of 4 V capacity.
his means that Mn3+ ions exist with the LizNi1−zO impurity
hase (Fig. 6) within the spinel structure and the valence state
f the transition metals of this compound can be written as
Ni2+]0.455[Mn3+]0.09[Mn4+]1.455 from Table 2. The Cr-doped
pinel calcined in oxygen atmosphere just show as much 4 V
ontributions from Mn3+ ions as expected from the composi-

ion because the valence state of the transition metal for this

aterial is assumed to be [Cr3+]0.1[Ni2+]0.4[Mn3+]0.1[Mn4+]1.5.
ther transition metal doped compounds showed an excessive

mount of 4 V capacity probably due to the co-existence of

i0.5−xMn1.5MxO4 (M = Mn, Cr, Fe, Ti, Zn) cathode materials synthesized by

4.75 V > x > 4.2 V >4.75 V

) Capacity Percentage (%) Capacity Percentage (%)

106.0 87 5.0 4
102.0 77 11.0 8
105.0 76 20.5 15

83.0 66 17.0 14
71.0 54 6.0 5
79.0 69 3.0 3
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edox reaction of the doping element M�/M�+1 together with
n3+/Mn4+ redox couple. In fact, it has been reported that

mong the 5 V class spinel compounds typed LiM0.5Mn1.5O4,
nly LiNi0.5Mn1.5O4 compound holds all of its capacity in the
V region [1,11]. Therefore, it is reasonable to assume that

he extra 4 V capacity of the Fe, Ti or Zn doped spinels in
ig. 7b comes from the redox reaction of the doping materi-
ls, M�/M�+1, which may exist in the low valence state in the
pinel structure. Redox reaction from the high valence state of
he doping material may be related with 5 V capacity just as
iFe0.5Mn1.5O4 compound exhibits voltage plateaus both in 4 V

egion (Fe2+/Fe3+) and in 5 V region (Fe3+/Fe4+) with each volt-
ge region possessing a similar capacity [1,13,16]. However, the
alence state of the doping material within the spinel structure
uch as Fe, Zn, and Ti except Cr was not clearly defined or exam-
ned in this work, which remained as a future work, while the
alence state of Cr in LiCrx+yNi0.5−xMn1.5−yO4 compound is
ssumed to be +3 in mild Cr substitution (x + y < 0.2) [4].

The cyclic voltammograms were obtained for the compound
iCrx+yNi0.5−xMn1.5−yO4 at a scan rate of 0.02 mV/s by switch-

ng the ramping voltage at 3.5 and 5.0 V, and are shown in

ig. 8(a–d) to analyze the Cr-doped spinel compound more

n detail. From Fig. 8a, it is obvious that the LiNi0.5Mn1.5O4
ompound synthesized in the air exhibits Mn3+/Mn4+ redox
eaction near 4.1 V and has corresponding 4 V capacity. Because

r
v
c
a

ig. 8. Cyclic voltammograms for the cells made of the LiNi0.5−xMn1.5−yMx+yO4 (
iNi0.5Mn1.5O4, (b) LiCr0.1Ni0.4Mn1.5O4, (c) LiCr0.1Ni0.4Mn1.5O4 (O2) and (d) LiC
ompounds 452 (2008) 389–396 395

izNi1−zO-like phase is clearly observed in the XRD pattern
n Fig. 6(a and b) (No. 3), the existence of Mn3+ ion and the
ormation LizNi1−zO impurity phase seems to be closely inter-
onnected in the LiNi0.5Mn1.5O4 compound. Other researches
n this material have indicated that the control of the cooling rate
fter the high temperature calcination is essential step to remove
ny Mn3+ ion from the spinel structure because the following
isproportion reaction will not occur in case of the fast cooling
2,4].

LiNi0.5Mn1.5O4 (at low T ) � qLizNi1−zO

+ r LiNi0.5−wMn1.5+wO4 + sO2 (at high T )

They insisted that when the cooling rate after the calcination
t the high temperature is very slow or the compound is exposed
o an annealing process below a certain critical temperature,

n3+ ions in the compound can be reversibly transformed into
n4+ ion without any nickel oxide-like impurity phase around

00–650 ◦C.
In case of LiCr0.1Ni0.4Mn1.5O4 compounds (Fig. 8b), there

bserved significant 4 V peaks related with Mn3+/Mn4+ redox

eaction in its cyclic voltammogram as expected from the
alence state of the transition metal in Table 2. However, the
ompound synthesized under O2 atmosphere showed far less
mount of 4 V capacity, which implies that higher oxygen

M = Mn, Cr) cathode materials synthesized by mechanochemical process: (a)
r0.1Ni0.45Mn1.45O4.
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artial pressure plays a certain role in relieving the oxy-
en deficiency and suppressing the advent of impurity phase
n the spinel structure during the calcination. Besides, this

aterial shows additional redox peaks around 4.9 V result-
ng from the Cr3+/Cr4+ redox couple [1,4,13]. The compound
iCr0.1Ni0.45Mn1.45O4 is considered to a composition free of
n3+ ions as assumed in Table 2 and indeed it exhibited negli-

ible 4 V peaks in Fig. 8d compared with other compounds. This
ndicates that the Cr doping of the bare material can suppress the
eneration of Mn3+ ions in the high temperature, possibly due
o the higher bonding strength between chromium and oxygen
han that between the existing Mn O bond, which may relieve
he oxygen deficiency in the spinel compound.

In summary, the high-performance 5 V class spinel-type cath-
de material was successfully synthesized by employing the
echanochemical process for the homogeneity of the heat-

reatment precursor, optimizing the calcination condition, and
electing an appropriate material composition with a proper
oping material, which has large bonding strength with oxygen
ompared with manganese.

. Conclusion

The electrochemical performance of the high-voltage spinel
iNi0.5Mn1.5O4 was improved by doping the original mate-

ial with the transition metal ion such as Cr3+, which had
arger bonding strength with oxygen and no Jahn–Teller
ffect. This high-voltage spinel compounds were prepared by
eans of the mechanochemical process, and the synthetic

ondition was optimized for the best electrochemical perfor-
ance. The high homogeneousness of the mixture prepared

y mechanical activation helps the synthesis of the phase-
ure LiNi0.5−xMn1.5−yMx+yO4 compound. The doping with
he transition metal can enhance the electrochemical proper-
ies of LiNi0.5Mn1.5O4 because larger bonding energy between
he transition metal and the oxygen prevents the doped spinel
rom being oxygen-deficient during the high temperature syn-
hesis process, leading to the structural and chemical stability
n LiNi0.5Mn1.5O4. The XRD patterns for the doped materi-
ls exhibited no impurity phase such as LizNi1−zO commonly
ound in original LiNi0.5Mn1.5O4 probably due to this struc-
ural stability of the doped materials. In addition, it is inferred

hat the improved cyclic performance is mainly attributed to the
tructural stability due to the reduction of the Jahn–Teller dis-
ortion by replacement of some portion of the high spin Mn3+

ons by other transition metal and less Mn dissolution of the

[
[

[

ompounds 452 (2008) 389–396

oped spinel into the electrolyte, which effectively reduces the
ncrease of impedance during the electrochemical cycling.
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