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ABSTRACT: We propose a feasibility of Co-free Ni-rich Li(Ni1−xMnx)O2 layer
compound. Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) have been synthesized by a
coprecipitation method. Rietveld refinement of X-ray diffraction and microscopic
studies reveal dense and spherical secondary particles of highly crystalline phase
with low cation mixing over the whole compositions, implying successful
optimization of synthetic conditions. Electrochemical test results indicated that
the Co-free materials delivered high capacity with excellent capacity retention
and reasonable rate capability. In particular, Li(Ni0.9Mn0.1)O2, which possesses
the lowest cation mixing in the Li layers among samples, exhibited exceptionally
high rate capacity (approximately 149 mAh g−1 at 10 C rate) at 25 °C and high
discharge capacity upon cycling under a severe condition, in the voltage range of
2.7−4.5 V at 55 °C. The cation mixing in Li(Ni0.9Mn0.1)O2 increased slightly
even after the extensive cycling at the elevated temperature, which is ascribed to
the structural integrity induced from the optimized synthetic condition using the coprecipitation.
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1. INTRODUCTION

Although there have been numerous efforts for the develop-
ment of alternatives, layered oxides especially based on LiCoO2

still constitute the majority of cathode materials in
commercialized lithium-ion batteries (LIBs). To evade the
challenges arisen from the scarcity, high cost, and toxicity of the
cobalt without compromising capacity,1−3 cobalt-free layered
oxide has been actively searched for. Among the cobalt-free
layered oxides, LiNiO2 is one of the most attractive candidates
because it shows higher reversible capacity with lower cost than
LiCoO2.

4−6 However, it suffers from the intrinsic thermal
instability at the charged state and poor cycle life, both of which
are related to the chemical and structural instability of
tetravalent nickel2,7 and divalent nickel8,9 inevitably formed
during the high-temperature treatment of LiNiO2. To circum-
vent the instability problems associated with nickel, researchers
have investigated Mn-substitution.3,9−11 The resulting Li-
(Ni1−xMnx)O2 series have the same α-NaFeO2 layered
structure as in the typical layered oxide materials in the
nickel-rich regime (x ≤ 0.5), however, the structure transforms
into spinel with the Mn-rich composition (x > 0.5).12

Manganese incorporated in Li(Ni1−xMnx)O2 exists as tetrava-
lent Mn4+ ions1,11,13 thus Li(Ni1−xMnx)O2 can be represented
as Li(Ni2+xNi

3+
1−2xMn4+x)O2. The electrochemically inactive

Mn4+ ions circumvent the Jahn−Teller distortions related to
the presence of Mn3+, playing a crucial role in stabilizing the

structures. However, Mn incorporation favors the cationic
disorder12,14,15 between Li+ and similar sized Ni2+ (0.76 Å(Li+)
vs 0.69 Å(Ni2+)). The presence of nickel in the lithium layers
impedes the Li+ ion diffusion that is detrimental to high-rate
performances16,17 and induces a decrease of the reversible
capacity.3 Therefore, compositional optimization for capacity,
reversibility, and rate performance is a prerequisite for the
development of novel cobalt-free layered oxide cathodes.
Although the structural evolution and thermal stability with

the Mn-substitution in the cobalt-free nickel-rich Li-
(NixMn1−x)O2 have been examined by a few groups,8,12,13

reports on the related electrochemical performances have been
limited only to a certain composition such as Li-
Ni0.5Mn0.5O2,

11,16,18,19 LiNi2/3Mn1/3O2,
10,20 and Li-

Ni0.9Mn0.1O2
3 by individual groups. Systematic studies on the

structural evolution and associated electrochemical properties
with controls over compositions have been scarce.15,21

Moreover, the reported electrochemical performances were
below satisfaction probably due to the lack of the process
optimization for each composition.
Herein, we report systematic investigation on the cobalt-free

nickel rich layered oxides Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) with

Received: August 29, 2013
Accepted: October 15, 2013
Published: October 15, 2013

Research Article

www.acsami.org

© 2013 American Chemical Society 11434 dx.doi.org/10.1021/am403684z | ACS Appl. Mater. Interfaces 2013, 5, 11434−11440

www.acsami.org


optimized processes for each composition. These materials
were synthesized by a coprecipitation method for metal
hydroxide precursor preparation followed by a proper thermal
treatment with lithium salt. Coprecipitation of hydroxides has
been proven a major breakthrough for the fabrication of
battery-grade Li(Ni1−xMnx)O2 solid solutions through the
intimate mixing of various reagents for higher reactivity and
homogeniety compared to the conventional simple solid state
reactions.15,18,22 Uniform distribution of Ni and Mn at the
atomic scale and a critical factor for the superior material
property, could be accomplished by the coprecipitation
method. This study explored the impact of composition on
the structure−property relationships and demonstrated un-
precedentedly high performance of cobalt-free nickel rich
layered oxides for stabilized, high-capacity cathodes for LIBs.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. Cobalt-free nickel-rich oxides Li-

(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5), were synthesized by a coprecipitation
process.22 Stoichiometric amounts of NiSO4·6H2O and MnSO4·5H2O
were dissolved in deionized water. Then the solution was pumped
continuously into the stirred tank reactor (CSTR, capacity 4 L) under
a nitrogen atmosphere. At the same time, 2.0 mol dm−3 aqueous
solution of NaOH and the desired amount of NH4OH aqueous
solution (chelating agent) were separately pumped into the reactor.
The concentration, pH, temperature and stirring speed of the reaction
mixture were carefully controlled in the CSTR. The coprecipitated
precursor powders (Ni1‑xMnx) (OH)2 (0.1 ≤ x ≤ 0.5) were filtered,
washed, and dried at 110 °C. These double hydroxide precursor
compounds were thoroughly mixed with LiNO3 (x = 0.1, 0.2) and
LiOH·H2O (x = 0.3, 0.4, 0.5). Finally, Li(Ni1−xMnx)O2 (0.1 ≤ x ≤
0.5) were formed by thermal treatment at optimal temperature and
atmosphere for each composition showing the best electrochemical
performance.
2.2. Characterization. The morphology of the powders was

examined with Scanning Electron Microscopy (SEM, S-4800, Hitachi).
Powder X-ray diffraction (XRD, Rint-2000, Rigaku, Japan) measure-
ments using Cu Kα were employed to identify the crystalline phase of
the synthesized materials from 10 to 130 2θ° with step size of 0.03°.
Thermal stability was determined in a differential scanning calorimeter
(DSC, 200PC, Netzsch).
2.3. Electrochemical Test. The electrochemical performance of

the synthesized cathode materials was assessed in a 2032 coin-type cell.
The cell consisted of a cathode and a lithium metal anode separated by
a porous polypropylene film. The cathode was fabricated with a
mixture of prepared layered oxide powder (85 wt %), carbon black
(7.5 wt %), and polyvinylidene fluoride (PVDF) (7.5 wt %) in N-
methyl-2-pyrrolidone (NMP). The slurry was spread onto the
aluminum foil and dried in a vacuum oven at 110 °C. The electrolyte
used was 1.2 M LiPF6 in a 3:7 volume mixture of ethylene carbonate
(EC) and ethylmethyl carbonate (EMC) (PANAX ETEC Co., Ltd.,
Korea).

3. RESULTS AND DISCUSSION
In examining the impact of composition on the structure and
property in cobalt-free nickel rich layered oxides Li(Ni1−xMnx)-
O2 (0.1 ≤ x ≤ 0.5), process optimization is critically important
since the electrochemical performances vary significantly, even
at the same compositions, with the morphologies, crystallinity,
particles sizes, surface areas, degree of cation mixing and many
other factors determined by the process conditions.1,10,20,23−27

The impact of coprecipitation conditions on the structure and
property of precursor hydroxides has been reported pre-
viously.22,28 Use of the appropriate coprecipitation reactor,
oxygen content in the solution and the chelating NH4OH
profoundly influence on the morphology and structure of the

resulting hydroxides.22,28 It has been also proposed that there is
an optimum thermal treatment process for each composition of
a transition-metal oxide electrode materials.20 Higher temper-
ature results in better crystallinity20,23 but higher cation
mixing,20 larger particle size, and lower surface area.23 Loss of
dense, homogeneous, and spherical morphology20 and higher
cation disorder24 happen above the optimum temperature,
leading to poor electrochemical properties. Optimized con-
ditions for each composition investigated in this study are
summarized in Table 1. For synthesizing higher Ni content

(Ni1−xMnx)OH2 compounds (0.1 ≤ x ≤ 0.3), higher pH and a
higher amount of NH4OH were needed to obtain spherical and
dense precipitates, otherwise the precipitate showed irregular
morphology and low density. However, lower Ni content
(Ni1−xMnx)OH2 compounds (x = 0.4, 0.5) precipitated
continuously to about 10 μm size at lower pH value and
lower amount of NH4OH, otherwise the growth was slow and
irregular morphology was obtained. In addition to the above
coprecipitation conditions, calcination temperature and atmos-
phere were also controlled to exhibit the best electrochemical
performance of cobalt-free nickel rich layered oxides Li-
(Ni1−xMnx)O2. As Mn content increased from 10 to 50%,
optimum temperature increased from 730 to 920 °C. Similar
trend was reported on the optimum firing temperature for
LiNi0.4Mn0.5Co0.1O2 and Li(Ni0.45Mn0.45Co0.1)O2 synthesized
by a coprecipitation method.1 With the increase of Mn content,
mixing between Li+ and Ni2+ increases, thus the optimum
temperature for the minimum cation disorder for the
corresponding composition might increase. Also as Mn content
increases, annealing atmosphere changed from pure O2 to air
with reduced oxygen partial pressure to suppress the oxidation
of Ni2+. A tube type furnace was used to secure the O2
atmosphere during calcination of Li(Ni1−xMnx)O2 (x ≤ 0.3).
The structural attributes of the synthesized hydroxide

precursors and the final layered lithium transition metal oxides
at the optimum conditions for each composition were
examined by electron microscopes (SEM) and X-ray powder
diffraction (XRD). Figure 1 shows the SEM images of
synthesized (Ni1−xMnx) (OH)2 (0.1 ≤ x ≤ 0.5) precursors at
each composition. The products have regular, homogeneous
morphologies of spherical secondary aggregates with average
size of ∼10 μm for all compositions. In the enlarged view of the
spherical particulates (topmost images), dense secondary
aggregates are made of smaller primary particles with needle-
like in shape. The gross morphologies of the hydroxide
precursors maintained in the final layered oxides Li(Ni1−xMnx)-
O2 (0.1 ≤ x ≤ 0.5) in Figure 2. The uniform spherical
morphologies and the average particle sizes of the secondary

Table 1. Optimized Synthesis Process Conditions for Ni-
Rich Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5)

sample
hydroxide precursor synthesis

condition final firing condition

LiNi0.9Mn0.1O2 pH 11.7,
NH4OH/metal ratio = 1.0

730 °C/O2, 15 h
(tube)

LiNi0.8Mn0.2O2 pH 11.7,
NH4OH/metal ratio =1.0

750 °C/O2, 15 h
(tube)

LiNi0.7Mn0.3O2 pH 11.7,
NH4OH/metal ratio = 1.0

820 °C/O2, 15 h
(tube)

LiNi0.6Mn0.4O2 pH 11.0,
NH4OH/metal ratio = 0.2

850 °C/air, 15 h
(box)

LiNi0.5Mn0.5O2 pH 11.0,
NH4OH/metal ratio = 0.2

920 °C/air, 15 h
(box)
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particles remained almost the same with those of the precursor
hydroxides after the heat treatment. The primary needlelike
particles, however, were grown to rectangular ones during the
high-temperature thermal treatment.
Crystal structure analyses for each composition by XRD are

presented in Figure 3. All the samples showed impurity-free
single phase of α-NaFeO2 type structure with. The refinement
was performed based on the space group R3̅m and chemical

compositions obtained from atomic absorption spectroscopy
(Table 2). Highly crystalline layered structure matched well
with the calculated pattern. The cation mixing represented as
the amount of Ni2+ in Li layer increased with increasing Mn
content: For Li(Ni0.9Mn0.1)O2, 2.9% of Ni2+ was present in the
Li layer, but it was increased to 7.3% for Li(Ni0.5Mn0.5)O2.
Because the total amount of Ni2+ increases as Mn content
increases in Li(Ni2+xNi

3+
1−2xMn4+x)O2, Ni

2+ in Li layer would
also increase. The calculated lattice parameters represent the
increases in both a and c unit-cell parameters as Mn content
increase and Ni content decreases. The “a” cell parameter is the
measure of intralayer metal−metal distance and “c” parameter is
the sum of MO6 (M = transition metal) octahedra layer (slab)
thickness (slab thickness S) and LiO6 octahedra layer thickness
(interslab thickness I)3,29 in the lamellar structure of LiMO2.
Therefore, the increase in a parameter reflects an increase in the
effective ionic radius.30 Considering the relevant ionic radii3,24

(Ni2+, 0.69 Å; Ni3+, 0.56 Å; Mn4+, 0.54 Å), the change in the
oxidation state of Ni from Ni3+ to Ni2+, in particular for the Mn
rich composition such as Li(Ni0.5Mn0.5)O2, result in the
increment of the a-cell parameter. The change in c-cell
parameter is the interplay between S and I and closely related
with the ionic radii and cation disorder. The presence of larger
ions such as Ni2+ in the slab contributes to the increase in slab
thickness S as in the a-cell parameter; however, cation disorder
that displace Ni2+ into Li layer (interslab spaces) induces a
decrease in interslab thickness I due to the decrease in
electrostatic repulsion between the slab.3,11,30 Hence, the
increase in c-cell parameter with Mn content in this study
suggests a dominance of the increase in S over the decrease in I.
The electrochemical performances of the optimally synthe-

sized cobalt-free nickel rich layered oxides Li(Ni1−xMnx)O2

Figure 1. SEM images of the Ni-rich (Ni1−xMnx)(OH)2 precursors. (a) Ni0.5Mn0.5(OH)2, (b) Ni0.6Mn0.4(OH)2, (c) Ni0.7Mn0.3(OH)2, (d)
Ni0.8Mn0.2(OH)2, and (e) Ni0.9Mn0.1(OH)2.

Figure 2. SEM images of the Ni-rich Li(Ni1−xMnx)O2. (a) LiNi0.5Mn0.5O2, (b) LiNi0.6Mn0.4O2, (c) LiNi0.7Mn0.3O2, (d) LiNi0.8Mn0.2O2, and (e)
LiNi0.9Mn0.1O2.

Figure 3. Powder XRD patterns for the Ni-rich Li(Ni1−xMnx)O2; x =
(a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5.
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(0.1 ≤ x ≤ 0.5) were evaluated. Figure 4 shows the comparison
of initial charge−discharge curves at a rate of 0.1 C (Figure
4(a)) and the cycling performances (Figure 4b) of the
Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) in the voltage between 2.5
and 4.3 V at 30 °C. As Mn content increased, the first cycle
discharge capacity at 0.1 C decreased from 212.3 mAh g−1

(Li(Ni0.9Mn0.1)O2) to 163.5 mAh g−1 (Li(Ni0.5Mn0.5)O2)
because Mn4+ in these materials are electrochemically inactive.
The Coulombic efficiencies at the first cycles were around 95%
indicating excellent reversibility for all composition. The cycling
test was performed for the first 20 cycles at 0.2 C, and the
subsequent 100 cycles, then, were carried out at a faster rate of
0.5 C in Figure 4b. The capacity retention was improved as Mn
content increased due to the chemical and structural stability
endowed by Mn. For the first 20 cycles at 0.2 C, all
compositions showed superior capacity retention; it reached
more than 98% at the first 20 cycles (0.2 C) for compositions x
= 0. 3, 0.4, and 0.5 and around 97% for the nickel-rich
compositions x = 0.1 and 0.2 in Li(Ni1−xMnx)O2. In the
following 100 cycles at 0.5 C, capacity retention dropped to
∼86% (from 98%) for Li(Ni0.9Mn0.1)O2, but it decreased less
from 99% to 93% for Li(Ni0.5Mn0.5)O2 because of the presence
of larger amount of stable Mn4+. In Figure 4a, there exists a

shoulder in the charge−discharge profile of Li(Ni0.9Mn0.1)O2.
This shoulder is related to the phase transition of hexagonal to
hexagonal (H2 → H3) reported for LiNiO2

31 and nickel-rich
layered oxide compounds.32 Figure 4c shows differential
capacity vs voltage profiles (dQ dV−1) of the two most
nickel-rich compositions (Li(Ni0.9Mn0.1)O2 and Li(Ni0.8Mn0.2)-
O2) among the compositions tested in this study. Consistent
with the previous reports, the redox peak around 4.2 V known
as the phase transition of hexagonal to hexagonal (H2→ H3) is
prominent for Li(Ni0.9Mn0.1)O2and the corresponding peak is
not very well-defined for Li(Ni0.8Mn0.2)O2 with increasing Mn
contents. Although the rapid volume contraction accompanied
with the structural changes from H2 to H3 has been reported
to affect capacity fading,31,32 the nickel rich composition
Li(Ni0.9Mn0.1)O2 showed good cycling stability in Figure 4b.
Other noticeable change with increasing Mn content is the
increase in polarization in the discharge−charge curves.
Because Ni2+ ions in the Li layer interrupt the diffusion of
Li+ ions, Li(Ni1−xMnx)O2 oxides with increased Mn contents
(the higher cation mixing) suffer from kinetic limitations as well
as lower electronic conductivity leading larger overpotentials.
Because the chemical and structural instability related to

nickel in the layered oxides deteriorate at high temperature and

Table 2. Ratio of Li/Ni/Mn from AAS Analysis, Rietveld Refinement Results for Ni-Rich Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5)

sample Li/Ni/Mn composition Ni2+ in Li layer (%) a-axis (Ǻ) c-axis (Ǻ) Li−O (Ǻ) M*−O (Å)a Rwp (%) Rp (%)

LiNi0.9Mn0.1O2 1.00/0.89/0.11 2.9(1) 2.8768(2) 14.20932(11) 2.1161(11) 1.9688(15) 11.8 10.0
LiNi0.8Mn0.2O2 1.02/0.79/0.21 5.1(2) 2.8806(2) 14.2329(11) 2.1146(16) 1.9755(14) 10.9 9.79
LiNi0.7Mn0.3O2 1.00/0.70/0.30 5.7(2) 2.8808(2) 14.2452(12) 2.1147(15) 1.9755(13) 9.68 8.79
LiNi0.6Mn0.4O2 1.01/0.60/0.40 6.6(2) 2.8869(2) 14.2853(10) 2.1137(16) 1.9866(14) 10.1 9.58
LiNi0.5Mn0.5O2 0.99/0.51/0.49 7.3(2) 2.8866(2) 14.2965(11) 2.1097(18) 1.9912(16) 11.8 11.6

aM* = transition metal (Ni, Mn).

Figure 4. Electrochemical performance of the Ni-rich Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) electrodes in a voltage window of 2.7−4.3 V at 30 °C. (a)
First charge−discharge curves at a rate of 0.1 C, (b) capacity retention for 120 cycles. 1−20 cycles, 0.2 C; and 21−120 cycles: 0.5 C. (c) Differential
capacity vs voltage curves for Li(Ni0.9Mn0.1)O2 and Li(Ni0.8Mn0.2)O2 in a.
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high potential, the stability of cobalt-free nickel rich layered
oxides Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) was also explored at
higher temperature of 55 °C and higher cutoff potentials of 4.5
V. In Figure 5, the stability at high potential was examined in

the extended voltage window of 2.7−4.5 V at 55 °C. The initial
capacities appeared increased due to further deintercalation of
Li+ ions with the higher charging cutoff voltage of 4.5 V. The
increase in capacity was more prominent with increasing Mn
content due to increased electronic conductivity of Mn-rich
materials at the elevated temperature. The capacity retention
became worse compared to those in Figure 4 where the voltage
cutoff is 4.3 V at 30 °C and the degradation progressed faster as
nickel content increased, presumably ascribing to the structural
instability of Ni-rich compound. The initial discharge capacities
at 0.2 C increased especially for Li(Ni0.5Mn0.5)O2 to 191.4 mAh
g−1. The capacity retention reached more than 99% at 0.2 C
and 86% at 0.5 C. Interestingly, it is notable that the capacity
retention was still good as high as ∼78.5% for LiNi0.9Mn0.1O2
during 100 cycles at 0.5 C. This result suggests that 10%
incorporation of Mn is substantially sufficient to provide cycling
stability for the cobalt-free nickel rich layered oxides under this
severe condition at the high temperature and high voltage
cutoff.
Rate capability of Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) cathodes

was systematically evaluated from 0.1 to 10 C in Figure 6. The
rate capabilities of higher Ni content oxides were superior to
the ones with increasing Mn content, consistent with the trends
reported above in the capacity ratio of 0.5 C/0.1 C. Again,
kinetic hindrance from Ni2+ ions in Li layer with increasing Mn
content is the reason for the inferior rate performance with

increasing Mn content. The discharge capacity of Li-
(Ni0.9Mn0.1)O2 cathodes at 10 C was 160 mAh g−1 that
corresponds to 76% of the capacity at 0.1 C (210 mAh g−1)
while the capacity of Li(Ni0.5Mn0.5)O2 at 10 C is only 31% (50
mAh g−1) of the value at 0.1 C (160 mAh g−1). All of the tested
layered oxides Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) restored their
initial capacities when the test rate returned to the slow rate of
0.1 C after cycled from 0.1 to 10 C, implying that the high
current at fast rates did not damage the structure of the nickel-
rich layered oxides.
These results are superior to those reported previously for

Co-free Ni-rich Li(Ni1‑xMnx)O2 cathodes. Especially, Li-
(Ni0.9Mn0.1)O2 showed poor performance in a literature with
reversible capacity of only 125 mAh g−1 at 0.05 C rate in the
voltage window of 3−4.15 V.3 Li(Ni2/3Mn1/3)O2 delivered
160−170 mAh g−1 at voltage cutoff of 4.5 V, but capacity fading
was observed after 50 cycles.10 Only limited literatures have
reported performances comparable to our current results, but
only for selected compositions. Discharge capacity of ∼200
mAh g−1 was delivered in the voltage window of 2.5−4.5 V for
Li(Ni0.5Mn0.5)O2,

33 but the test lasted only for 30 cycles.
Li(Ni2/3Mn1/3)O2 showed capacities more than 190 mAh g−1

when charged to 4.6 V.20 However, issues related to restricted
cycle life at elevated temperature have not been addressed in
their report.
Those extensively cycled electrodes were analyzed by

Rietveld refinement (Figure 7). Conducting agent, graphite,

and Al current collector were excluded for the analysis. It is
surprising that all the electrodes maintained the original layer
structure even after the extensive cycling tests. Because of the
poor structural stability, Ni-rich electrode materials usually
experienced significant structural disorder after prolonged
cycling.2,18,34 Interestingly, the present LiNi0.9Mn0.1O2 material
did not exhibit serious structural change as shown in Tables 2
and 3. A slight increment (3.8%) of cation mixing is observed in
the Li layer after the cycling, 6.7% occupation of Ni2+ in the Li
layer, which is the lowest value among samples. This tendency
shows low cation mixing in the Li layer even after extensive

Figure 5. Discharge capacity vs cycle number of the Ni-rich
Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) electrodes in a voltage window of
2.7−4.5 V at 55 °C. 1−20 cycles, 0.2 C; and 21−120 cycles, 0.5 C.

Figure 6. Rate capability of the Ni-rich Li(Ni1−xMnx)O2 (0.1 ≤ x ≤
0.5) electrodes in a voltage window of 2.7−4.3 V. Electrodes were
charged at 0.2 C and discharged at the corresponding rates.

Figure 7. Powder XRD patterns for extensively cycled the Ni-rich
Li(Ni1−xMnx)O2 electrodes; x = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4,
and(e) 0.5.
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cycling for the LiNi0.9Mn0.1O2 composition. As a result, it is
evident that the superior cyclability and rate capability is
ascribed to the structural integrity of the present Li-
Ni0.9Mn0.1O2. The difference compared to the conventional
Ni-rich materials35−38 is the coprecipitation synthesis attaining
spherical and dense secondary particle morphology. This
morphological advantage has beneficial effect in reducing side
reaction with HF-generating electrolyte during cycling.
Although the Mn content increased, the variation in the cation
mixing did not significantly vary from the present Li-
Ni0.9Mn0.1O2, showing increment of 1.7−2.2% for the other
compositions after the cycling. The slight increase in the a-axis
parameter is due to the presence larger Ni2+ in the Li layer
formed during cycling. We believe that the structural integrity
endowed by the optimized synthesis is the reason for the
excellent electrode performance of the Li(Ni0.9Mn0.1)O2 ever
reported, to the best of our knowledge. Another factor
considered is the absence of the Co element in the compound.
Addition of Co ingredient seems to be good because the
presence of Co improves electric conductivity, which affects
rate performance and lowered cation mixing by forming a solid
solution with LiCoO2. By contrast, Co containing layered
material would be exposed in an inappropriate situation
through Co dissolution at deeply charged state, which
simultaneously structural instability.18,39−43 Therefore, we
conclude that Co-free composition is more desirable in terms
of structural stability and electrode performance upon cycling.
The variation in thermal stability with composition was

investigated in the DSC measurement of the charged electrodes
in Figure 8. The cells using nickel-rich layered oxides
Li(Ni1−xMnx)O2 (0.1 ≤ x ≤ 0.5) were charged to 4.3 V at a
rate of 0.2 C. As expected the thermal property was greatly
dependent on the amount of present Mn in the compound.
Interesting point is that the lowest Mn content, Li(Ni0.9Mn0.1)-
O2 had relatively high main exothermic temperature of 230.4
°C and relatively low heat evolution of 901.4 J g−1 compared to

other delithiated Ni-rich compounds. As we reported early, the
main exothermic reaction is deeply related with the formation
of cubic spinel phase as a result of oxygen release from the host
structure.41,44 Hence, the delayed exothermic reaction implies
that the spinel phase could be formed at elevated temperature,
which would be attributed to the improved structural integrity
as evidenced from the Rietveld refinement data (Figures 3 and
7). Therefore, we conclude that optimization of synthetic
condition is significantly important to improve capacity, its
retention, rate capability and thermal properties.

4. CONCLUSIONS

So far, though we believed the poor electrode performance of
cobalt-free nickel rich layered oxides Li(Ni1−xMnx)O2 (0.1 ≤ x
≤ 0.5), this paper revisited the nickel-rich compounds to
improve the electrochemical performance due to their high
capacity. Among the Ni-rich compounds, our synthetic
optimization of the Li(Ni0.9Mn0.1)O2 material endorses the
potential possibility of the electrode enabling high capacity
retention and high rate capability as well, compared to any
existing Ni-rich electrodes in the same chemical composition
reported ever. Rietveld refinement results of XRD data
described lower cation mixing in the as-synthetized state
(2.9%) and slightly increment even after the extensive cycling at
55 °C (6.7%), which is greatly related to the high capacity
retention, fast rate properties, and thermal properties. Through
realization of the synthetic optimization, we propose that the
present Li(Ni0.9Mn0.1)O2 material can be substantially available
as cathode materials for high capacity rechargeable lithium
batteries.
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Table 3. Rietveld refinement Results for Ni-Rich Li(Ni1−xMnx)O2 (x = 0.1, 0.2, 0.3, 0.4, and 0.5) Electrodes after Extensive
Cycling Shown in Figure 5

sample Ni2+ in Li layer (%) a-axis (Ǻ) c-axis (Ǻ) Li−O (Ǻ) M*−O (Ǻ)a Rwp (%) Rp (%)

LiNi0.9Mn0.1O2 6.7(2) 2.8791(1) 14.2275(8) 2.1105(21) 1.9685(18) 11.8 11.3
LiNi0.8Mn0.2O2 7.7(2) 2.8823(1) 14.2507(8) 2.1112(18) 1.9816(16) 10.2 9.94
LiNi0.7Mn0.3O2 7.1(2) 2.8825(1) 14.2787(7) 2.1146(17) 1.9804(15) 9.65 9.21
LiNi0.6Mn0.4O2 8.5(2) 2.8885(1) 14.2967(7) 2.1044(17) 1.9920(16) 10.7 10.6
LiNi0.5Mn0.5O2 9.0(3) 2.8892(1) 14.3048(8) 2.1065(21) 1.9942(18) 13.3 12.5

aM* = transition metal (Ni, Mn).

Figure 8. DSC profiles of the Ni-rich Li(Ni1−xMnx)O2 (x = 0.1, 0.2,
0.3, 0.4, and 0.5) electrodes with a scan rate 5 °C min−1. The cells
were charged to 4.3 V at the rate of 0.2 C.
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