
Journal of Power Sources 183 (2008) 766–770

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

Short communication

Structural and thermal properties of LiNi0.6−xMgxCo0.25Mn0.15O2

cathode materials
Pei-Yun Liaoa, Jenq-Gong Duha,∗, Hwo-Shuenn Sheub

a chu, T
rk, Hsi

chem
Mn)O
he m
rns. T

The p
% afte
acity

t only
stat

boun
iNi0.57

ectroc
d com
Department of Materials Science and Engineering, National Tsing Hua University, Hsin
b National Synchrotron Radiation Research Center, Hsinchu Science-Based Industrial Pa

a r t i c l e i n f o

Article history:
Received 28 February 2008
Received in revised form 9 May 2008
Accepted 19 May 2008
Available online 28 May 2008

Keywords:
Li-ion battery
Cathode
Layered structure
In situ XRD

a b s t r a c t

For improving the electro
doping element in Li(NiCo
cessfully synthesized via t
indicated by the XRD patte
reduce the cation mixing.
remained retention of 79
substituted, the initial cap
was increased to 95%. No
tution at every delithiated
patterns showed that the
ple, indicating that the L
improvements of both el
reduced cation mixing an
1. Introduction

Rechargeable Li-ion batteries with high energy density have
become the most promising power sources for a variety of portable
electronic devices since the first commercialization of the bat-
tery in 1991 by Sony [1]. Recently, many materials which are
cost-effective, safe and environment friendly compared with the
widely used commercial LiCoO2 cathode have been investigated
[2–6]. One of the most attractive materials is LiNi1−xCoxMnyO2,
which is a solid solution of LiNiO2, LiCoO2, and LiMnO2 [5–9].
The material possesses a �-NaFeO2 structure, consisting of close-
packed oxygen ions in the ABCABC arrangement (O3 stacking
type) with Li and transition metal ions in the alternate layers.
Ohzuku reported that the LiNi1/3Co1/3Mn1/3O2 had a capacity of
200 mAh g−1 in the voltage window of 2.5–4.6 V [6–7]. Recently,
LiNi0.75−xCo0.25MnxO2 (x = 0.1–0.25) materials synthesized by the
mixing hydroxide method also showed satisfied capacities and
the rate capability [9]. LiNi0.6Co0.25Mn0.15O2 exhibited the dis-
charge capacity of 167 and 150 mAh g−1 at C/10 and 1C rate during
3–4.3 V, respectively [9]. However, the material still had some
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Mg0.03Co0.25Mn0.15O2 material exhibited higher structural integrity. The
hemical retention and thermal stability were possibly attributed to the
plete structural changes.

© 2008 Elsevier B.V. All rights reserved.

short-comings, such as the large initial irreversible capacity, low
electronic conductivity and instability of Ni ions.

In literatures, many attempts have been made to improve the
performance of cathode materials [10–13]. One approach is the

cationic substitution for transition metal ions. Lee et al. reported
that Al doping could increase the capacity retention for long-term
cycling at elevated temperature [12]. In addition, cationic substi-
tution for nickel to form substituted LiNi1−xMxO2 (M = Fe, Mg, Al
and Ti) could stabilize the Ni-based oxide and appeared to be a
good method to modify the structural and electrochemical per-
formance [10,14–17]. In the present work, Mg was chosen as the
doping element in LiNi0.6−xMgxCo0.25Mn0.15O2 (x = 0 and 0.03) and
detailed studies such as the cation mixing and structural change
during charge were conducted to verify the stabilizing effect of
magnesium. Besides, the safety issue has currently become a seri-
ous concern to evaluate the electrode materials for Li-ion batteries.
Thermal behavior also was thus discussed using differential scan-
ning calorimetry (DSC) in this work.

2. Experimental

[Ni0.6−xMgxCo0.25Mn0.15O2](OH)2 (x = 0 and 0.03) powders were
synthesized by the previously reported co-precipitation method
[9]. The aqueous solution of NiSO4·6H2O, CoSO4·7H2O, MnSO4
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Fig. 1. XRD patterns for (a) LiNi0.6Co0.25Mn0.15O2 and (b) LiNi0.57Mg0.03Co0.25

Mn0.15O2 powders.
and MgSO4 was slowly pumped into the reactor, and meanwhile
the aqueous solutions of NH4OH and NaOH were also fed into
the solution at a constant rate to adjust the pH value at 12.
The filtrated precipitate was washed several times to ensure that
the residual ions (Na+, SO4

2− or others) were almost removed.
The [Ni0.6−xMgxCo0.25Mn0.15O2](OH)2 (x = 0 and 0.03) product was
dried, then mixed with Li2CO3 in ethanol using a mortar and pes-
tle, and heated to 900 ◦C for 15 h in the flowing O2 to obtain
Li[Ni0.6−xMgxCo0.25Mn0.15O2]O2 (x = 0 and 0.03) powders.

The phase of prepared powders was analyzed with an X-ray
diffractometer (Shimadzu X-ray diffractometer XRD-6000, Japan)
operated at 40 kV and 30 mA from 15◦ to 75◦ with a wavelength
of Cu K� (� = 1.5406 Å). On the basis of the XRD results, the lattice
parameters were calculated by the least-square method with ten
diffraction lines.

The electrodes were fabricated with a mixture of 89 wt.% cath-
ode powder, 2 wt.% super P, 4 wt.% KS6, and 5 wt.% polyvinylidene
difluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) to
obtain a slurry. 1 M LiPF6 in a 1:2 (volume ratio) mixture of EC/DMC
was used as the electrolyte. Type 2016 coin-cells (20 mm in diame-

Fig. 2. The first charge and discharge profiles of (a) LiNi0.6Co0.25Mn0.15O2 and (b)
LiNi0.57Mg0.03Co0.25Mn0.15O2 between 3 and 4.5 V at C/10 rate.
Fig. 3. The discharge capacity as a function of cycle number for the

LiNi0.6Co0.25Mn0.15O2 and LiNi0.57Mg0.03Co0.25Mn0.15O2 cells between 3 and 4.5 V.

ter and 1.6 mm thick) were assembled with the Li foil as an anode in
an argon glove box where both moisture and oxygen content were
<1 ppm. The mass of the electrodes was 23–25 mg. The cells were
cycled in the voltage range of 3–4.5 V with a constant current of
0.33 mA (CCCV mode).

The cell designation of in situ XRD experiments was similar to
the regular one for the electrochemical test. To have in situ X-ray
pass through the cathode electrode, holes with 4ϕ were drilled in
the upper cover, bottom cover and Ni spacer of the 2016 coin cell and
followed by sealing with a Kapton film. In situ X-ray studies were
carried out in the transmission mode at 16 keV (� = 0.775 Å) in the
National Synchrotron Radiation Research Center (NSRRC), Taiwan.
The exposure time was 6 min and XRD spectra were recorded on
the Mar 345-image plate detector. All in situ X-ray diffraction pat-
terns were calibrated using standard sample (Ag + Si) before further
analysis.

The charging method for DSC measurement was referred to that
reported by Dahn and co-workers [18]. The cells were charged to

Fig. 4. The first charge curve for the in situ LiNi0.57Mg0.03Co0.25Mn0.15O2 cell from 3
to 5.2 V at C/10 rate.
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Fig. 5. In situ XRD patterns of LiNi0.57Mg0.03Co0.25Mn0.15O2 cell charged to 5.2 V in
the 2� region of (a) (0 0 3) to (1 0 5), and (b) (1 0 7) to (1 1 3).

desired voltages (4.1–4.7 V) with a specific current of 0.1C. When
the cell reached this voltage, the current was stopped for 30 min
(rest mode). Then the cell was re-charged with a current of 80% of
the previous one. This cycling method would be repeated for 12
times to ensure the stable desired voltage. After the charging cycle,
the cell was disassembled in the glove box and the material was
sealed in the Al pan. Measurements were carried out with a differ-
ential scanning calorimeter (Perkin Elmer, DSC7, USA) at a scan rate
of 2 ◦C min−1 in Ar atmosphere.

3. Results and discussion

The X-ray diffraction patterns of the pristine
LiNi0.6Co0.25Mn0.15O2 and Mg-doped LiNi0.57Mg0.03Co0.25Mn0.15O2
are shown in Fig. 1. The patterns were the characteristic of a
hexagonal �-NaFeO2 structure (space group: R-3m, No. 166) in
which oxygen ions were in a close-packed FCC array, while Li and
transition metal ions occupied the 3a and 3b octahedral sites,
ources 183 (2008) 766–770

respectively, on the alternate (1 1 1) plane. The obvious splits
of (0 0 6 and 1 0 2) and (1 0 8 and 1 1 0) couples suggested an
ordering layered-structure for both of them. The intensity ratio
of the (0 0 3) to (1 0 4) lines was sensitive to the degree of cation
mixing [19], in which the larger I(0 0 3)/I(1 0 4) ratio indicated the
less cation mixing between Li and Ni ions. As Mg was doped in
LiNi0.57Mg0.03Co0.25Mn0.15O2, the ratio increased from 1.32 to
1.46, implying that the cation mixing was reduced. It meant that
Mg ions could prevent the occupancy of Li+ layers by Ni ions
and did not cause the local structural collapse. The calculated
lattice constants of LiNi0.6Co0.25Mn0.15O2 were a = 2.863 Å and
c = 14.189 Å, which increased to a = 2.864 Å and c = 14.203 Å for
LiNi0.57Mg0.03Co0.25Mn0.15O2. Therefore, the unit cell volume also
increased from 100.721 to 100.893 Å3. This might be attributed
to the substitution of Ni2+ (r2+

Ni = 0.69 Å ) with the larger ionic
radius Mg2+ ions (r2+

Mg = 0.72 Å ).
Fig. 2 shows the initial charge–discharge curves of

LiNi0.6Co0.25Mn0.15O2 and LiNi0.57Mg0.03Co0.25Mn0.15O2 sam-
ples. The cells were charged at constant current of C/10 rate
to the desired voltages of 4.5 V, followed by constant voltage
for 2 h (CCCV mode), and then discharged to 3 V at constant
C/10 rate. As shown in Fig. 2, the initial discharge capacity of
Mg-doping LiNi0.57Mg0.03Co0.25Mn0.15O2 decreased from 199 to
184 mAh g−1 as compared with un-doped one. To the best of
our knowledge, the main redox reaction in nickel-based cathode
materials during delithiation was achieved by Ni ions. In our
previous study of valence changes by XAS measurements, it was
deduced that the charge compensation was mainly by two-step
oxidation of Ni ions: Ni2+ to Ni3+ during 3–3.9 V and then Ni3+

to Ni4+ in the higher voltage of 3.9–4.5 V [20]. Therefore, elec-
trochemically inactive Mg substitution for active Ni ions would
result in the decrease of capacity. The cyclic performance tested
in the voltage range of 3–4.5 V is presented in Fig. 3. Although the
initial capacity of LiNi0.6Co0.25Mn0.15O2 was larger than that of
LiNi0.57Mg0.03Co0.25Mn0.15O2, the capacity after 20 cycles was only
157 mAh g−1, which was corresponding to 79% retention. However,
the LiNi0.57Mg0.03Co0.25Mn0.15O2 sample exhibited 95% retention,
which was much higher than that of pristine LiNi0.6Co0.25Mn0.15O2.
This indicated that the Mg substitution possessed a positive effect
on the capacity retention and would improve the cycleability in
this type of materials.

In literature, it was reported that the enhanced cycling stability
of Mg substitution samples was attributed to the Mg ions incorpo-
ration into LiO2 layers due to the similar ionic size of Li+ and Mg2+.

The presence of Mg2+ in lithium sites would prevent local collapse,
help lithium diffusion and therefore resulted in an increase of the
capacity retention [10,17,21]. Here, another interesting point on the
basis of structural changes during cycling is referred to explain the
increase of cycleability. The structural stability of Mg-doped system
was investigated by the in situ synchrotron XRD study. Fig. 4 shows
the first charging curve for the in situ LiNi0.57Mg0.03Co0.25Mn0.15O2
cell charged to 5.2 V at the current of C/10 rate (about 0.29 mA).
Fig. 5(a) and (b) shows the evolution of XRD patterns with the cor-
responding voltages during cycling in the 2� ranging from (0 0 3)
to (1 0 5) and (1 0 7) to (1 1 0), respectively. The XRD pattern at
open-circuit voltage (OCV, around 3.4 V) was identical with that
of pristine powder in Fig. 1(b). By tracking the variation of (0 0 3)
peak, three hexagonal phases (H1, H2 and H3) could be identified
during charge and their corresponding Bragg peaks were indexed,
as indicated in Fig. 5. The process of phase change in this work is
similar with those in nickel-based layer-structured cathode mate-
rials, such as LiNiO2 [22], LiMn0.5Ni0.5O2 [23] and LixNi0.89Al0.16O2
[24]. The phase transition from H1 to H2 could be clearly observed
to start at 3.78 V. The H2 phase exhibited the same hexagonal struc-
ture as the H1 phase at OCV, however, the larger c lattice constant
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Fig. 7. DSC tests of LiNi0.6Co0.25Mn0.15O2 and LiNi0.57Mg0.03Co0.25Mn0.15O2 electrodes
after charging to 4.5 V. The scan rate was 2 ◦C min−1.

and complete phase transition in LiNi0.57Mg0.03Co0.25Mn0.15O2 con-
firmed the stabilizing effect of Mg. Doping a small amount of Mg
could increase the structural integrity. This might be the reason
that the capacity retention was raised by Mg-doping as previously
shown in Fig. 3.

Differential scanning calorimetry (DSC) measurements of
LiNi0.6Co0.25Mn0.15O2 and LiNi0.57Mg0.03Co0.25Mn0.15O2 charged to
4.5 V is shown in Fig. 7. The LiNi0.6Co0.25Mn0.15O2 material exhib-
ited two exothermic peaks: a weak centered at 209 ◦C with an
onset temperature of 200 ◦C followed by a large peak at 237 ◦C. It
produced 772 J g−1 of heat roughly. However, with the Mg-doped
LiNi0.57Mg0.03Co0.25Mn0.15O2, a broad peak with the onset temper-
ature of 210 ◦C and only one major peak at 250 ◦C were observed. In
addition, the exothermic reaction of LiNi0.57Mg0.03Co0.25Mn0.15O2
was milder due to the less heat released (450 J g−1). Fig. 8 shows
the respective exothermic temperature plotted versus the state of
delithiation x in electrodes. There was an approximately linear cor-
Fig. 6. The evolution for (0 0 3) peak in the in situ XRD patterns for
LiNi0.6Co0.25Mn0.15O2 cell charged to 4.5 V.

and smaller a lattice constant were revealed due to the lower angle
of (0 0 3)H2 and higher angle of (1 1 0)H2 as compared with (0 0 3)H1
and (1 1 0)H1, respectively. During the voltage ranging from 3.78
to 4.14 V, the position of (0 0 3)H2 continuously shifted to lower
angle attributing to the expansion of c-axis for H2 phase, while the
position of (0 0 3)H1 remained the same. When charged to higher
voltage above 4.14 V, the (0 0 3)H1 peak was hardly observed, mean-
ing the disappearance of the original H1 phase. At the same time,
the (0 0 3)H2 peak moved towards the higher angle substantially
and formed a new (0 0 3) shoulder at around 5.2 V. It is inter-
H3
esting to note that the formation of H3 phase was an indicator for
thermal stability [22,25–26], where the H2 to H3 phase transition
occurred at 4.3 V in LiNiO2 [22]. The suppression of H3 phase for
LiNi0.57Mg0.03Co0.25Mn0.15O2 in this study was expected to achieve
a better thermal stability.

Fig. 6 focuses on the change of (0 0 3) reflection for un-doped
LiNi0.6Co0.25Mn0.15O2 charged to 4.5 V at C/10 current rate. The
complete in situ XRD patterns were already reported elsewhere [27]
and only the evolution of (0 0 3) reflection is shown here for com-
parison. The (0 0 3) peak of original H1 phase shifted to lower angle
during OCV to 4.15 V. Then towards the end of charge there was a
major shift to higher angle (4.15–4.5 V) with a simultaneous peak
broadening near 4.4 V. A comparison of the evolution for (0 0 3)
between LiNi0.6Co0.25Mn0.15O2 and LiNi0.57Mg0.03Co0.25Mn0.15O2
showed that the boundary of phase transition from H1 to H2
was smeared and hardly identified in bare LiNi0.6Co0.25Mn0.15O2 as
shown in Fig. 6. Base on literatures [16,22,28] and our previous in
situ XRD studies for a series of LiNi0.75−xCo0.25MnxO2 (x = 0.1–0.25)
materials [20,27], it was revealed that the smeared phase transi-
tion was attributed to the lattice defects. Therefore, the evident
Fig. 8. The exothermic temperature as a function of delithiation x in Li1−x

Ni0.6Co0.25Mn0.15O2 and Li1−xNi0.57Mg0.03Co0.25Mn0.15O2 electrodes.
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relation between temperature and state of delithiation, and the
exothermic temperature shifted to the lower side as Li content
decreased. By doping Mg in LiNi0.6Co0.25Mn0.15O2, the exothermic
reactions were remarkably suppressed and the decomposition tem-
perature at any lithium content could be effectively raised. The DSC
results clearly demonstrated that thermal stability of the charged
cathode material with electrolytes was significantly improved by
Mg substitution.

4. Conclusion

LiNi0.6−xMgxCo0.25Mn0.15O2 (x = 0 and 0.03) cathode materials

were successfully synthesized by the mixing hydroxide method.
By the intensity ratio of (0 0 3) to (1 0 4) in the XRD pat-
terns, it was found that the Mg substitution could reduce the
cation mixing. The pristine material exhibited the initial dis-
charge of capacity 199 mAh g−1 and remained retention of 79%
after 20 cycles in the voltage range of 3–4.5 V. The Mg substi-
tuted LiNi0.57Mg0.03Co0.25Mn0.15O2 showed the capacity retention
higher than 95% due to the less cation mixing and higher struc-
tural integrity for clear boundary of phase transition as indicated
by the in situ synchrotron XRD studies. The Mg substituted
LiNi0.57Mg0.03Co0.25Mn0.15O2 also showed an increase in thermal
stability of charged electrodes with electrolytes.
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