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Abstract LiNi0.475Mn0.475Al0.05O2 cathode material was
prepared by solid-state reaction using Ni–Mn–Al–O solid
solution as precursor. The solid solution is of spinel
structure, in which nickel, manganese, and aluminum are
sufficiently mixed at atomic level. Rietveld refinement
of X-ray diffraction data revealed that Al doping in
LiNi0.5Mn0.5O2 was significantly effective to decrease the
degree of Li/Ni cation mixing. XPS analysis showed that
the valence states of nickel and manganese were mainly +2
and +4, respectively. LiNi0.475Mn0.475Al0.05O2 delivered a
stable capacity of about 206 mAh g−1 with high reversibility.
High-rate capability test was also performed.
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Introduction

Layered lithium nickel manganese oxides are the alternative
to the commercial LiCoO2 electrode materials used in
lithium-ion batteries due to their inexpensive and nontoxic
properties. Among these, LiNi0.5Mn0.5O2 is one of the most
attractive materials [1–7]. Various synthesis methods have
been applied to prepare this material. However, it is known
that the high battery-active LiNi0.5Mn0.5O2 is not easy to

obtain due to it either containing structural impurities or
existing substantial Li/Ni cation mixing. Recently, many
research groups have solved these problems by co-
precipitation or ion-exchange methods. However, the
former needs to be operated carefully to control the
synthesis conditions since Mn2+ can be easily oxidized in
air, and the latter consumes a large amount of salts
containing Li+.

However, the performance of LiNi0.5Mn0.5O2 cathode
materials can be improved by doping transition metal ions
or nontransition metal ions. Aluminum is a commonly
used dopant in cathode materials. In some cases, small
amounts of aluminum doping improve the capacity of the
LiNi0.5Mn0.5O2 [8–10] since Al3+ can improve electrode
kinetics, structure modifications, and microstructural
effects [11]. However, in most cases, the capacity
decreased [12] because Al3+ cannot deliver capacity. In
addition, it is found that doping Ti in LiNi0.5Mn0.5O2 with
a different method can play a different role in the
electrochemical performance [13, 14]. Therefore, the
doping method is also an important factor of affecting
the electrochemical performance.

In our previous work, LiNi0.5Mn0.5O2 cathode materials
that were prepared using Ni–Mn–O solid solution as
precursor succeeded in reducing cation mixing since the
distribution of nickel and manganese is homogeneous at the
atomic level in the solid solution [15]. This method did not
need a multistep process or complex conditions, and it can
be used to prepare high battery-active cathode materials in
a large scale. In the present work, we synthesized
LiNi0.475Mn0.475Al0.05O2 cathode materials by solid-state
reaction method using Ni–Mn–Al–O solid solution as
precursor.
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Experimental

Synthesis

Mixture of Mn (CH3COO)2 4H2O (AR, 99%), Ni
(CH3COO)2·4H2O (AR, 98%), and Al (NO3)3·9H2O (AR,
99%) with a molar ratio of 0.475:0.475:0.05 was completely
dissolved in distilled water. Water was removed by means of a
rotary evaporator at 75°C, and then salt precipitate was made.
The salt precipitate was ground and calcined at 800°C for 12 h
in air. The as-prepared precursor was mixed with LiOH·H2O
(AR, 99%) in stoichiometric proportion and then pressed into
pellets. The pellets were heated at 550°C for 3 h, followed
by annealing at 900°C for 12 h in air. The pellets were
quenched to room temperature using a copper plate.

Characterization

Powder X-ray diffraction (XRD) was performed on a
Philips X’pert pro X-ray diffractometer equipped with
graphite monochromatized high-intensity Cu Kα radiation
(l=1.54178) in the 2θ range from 10° to 80°. The contents
of cations in precursor were measured by inductively coupled
plasma atomic analysis (ICP, Atomscan Advantage). The
scanning electron microscope (SEM) study of the samples
was performed using JEOL JSM-6700F electron microscope.

Charge and discharge profiles were collected by galvanos-
tatically cycling between 2.5 and 4.4 V on multi-channel
battery testers (Shenzhen Neware, BTS, China). For the
preparation of cathode sheets, slurry was formed by mixing
the active material, acetylene black, and binder (polyvinyli-
dene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone
(NMP)) in a weight ratio of 75:20:5. The slurry was spread
uniformly on aluminum foil. The electrodes were dried under
vacuum at 120°C overnight and then punched and weighed.
One mole of LiPF6 in a 1:1 ethylene carbonate/diethyl
carbonate was used as electrolyte, and lithium foil was used
as anode. A thin sheet of microporous polypropylene
insulated the cathode from lithium foil anode. Battery
assembly was carried out in an argon-filled glove box.
Cyclic voltammetry (CV) was measured on an electrochem-
ical workstation (CHI660C, Shanghai, China) at a scanning
rate of 0.1 mV s−1 between 2.5 and 4.4 V (vs Li/Li+).

Results and discussion

Figure 1 shows the XRD pattern of as-prepared precursor
Ni–Mn–Al–O solid solution, which is similar to the pattern
of NiMn2O4 (JCPDS 84-0542). All the peaks can be indexed
to the Fd3m space with a cubic lattice. The chemical
compositions of as-prepared precursor were determined by
ICP, and the results are summarized in Table 1. The

measured cation ratios of Ni:Mn:Al are well in agreement
with the intended composition. The XRD pattern and the
chemical compositions of the precursor imply that the metal
oxide is homogeneously reacted, ensuring sufficient mixing
of Ni–Mn–Al in the precursor at the atomic level.

The morphology of the precursor and final sample
LiNi0.475Mn0.475Al0.05O2 is shown in Fig. 2. The precursor
has a uniform structure morphology and porous crystal
surface with narrow size distribution less than 1 μm. The
final sample has an irregular morphology with smooth
crystal surface, and the size distribution is broader than that
of the precursor but narrower than that of LiNi0.5Mn0.5O2

prepared with the same method [15]. Therefore, the
microstructure can be affected by the dopant additions of
aluminum, similar to the aluminum-doping LiCoO2 [16].

The XRD pattern of the final sample LiNi0.475Mn0.475
Al0.05O2 and the observed, calculated, and difference
diffraction profiles of LiNi0.475Mn0.475Al0.05O2 for rietveld
refinement using the XRD pattern are shown in Fig. 3. The
initial model is that of LiNi0.475Mn0.475Al0.05O2 with space
group R3m and atomic position Li1/Ni1 at 3a(0,0,0), Li2/
Ni2/Mn/Al at 3b(0,0,0.5) and O at 6c (0,0,z), where z is also
refined. During Rietveld refinement, the occupancy of the 3b
site by Mn and Al was maintained at 0.475 and 0.05,
respectively, and the total amount of Li and Ni within the
material was fixed; however, the distribution of Li and Ni
between the 3a and 3b sites was allowed to vary. The
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Fig. 1 XRD pattern of Ni–Mn–Al–O solid solution precursor

Table 1 Chemical composition (wt%) of the prepared precursor
determined by ICP

Ni Mn Al Molar ratio of Ni:Mn:Al

30.79 28.70 1.69 0.473:0.471:0.056
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refinement converged on a model in which 5.6 mol% of the
Ni ions in the 3b sites were exchanged for Li, less than the
7.5% for the sample without Al doping as our group
synthesized. This model provided an excellent fit to the
data, as can be seen in Fig. 3, corresponding to Rwp and Rp
of 5.21% and 4.15%, respectively. Refined unit-cell param-
eters, in a hexagonal setting, were a=2.891 and c=14.321 Å.
The lattice parameter, c, correlated to the average metal–
metal inter-slab distance, is longer than those reported
previously [8, 10, 17], similar to the addition of aluminum
to LiCoO2 [18, 19]. The increase in lattice parameter c can
facilitate lithiation and delithiation [10].

In order to confirm the oxidation state of the transition metal
species in the synthesized LiNi0.475Mn0.475Al0.05O2, an XPS
study was carried out and is shown in Fig. 4. In the Ni XPS
spectra, a characteristic satellite peak centered at 860.8 eV is
noted in addition to the Ni 2p3/2 peak. Such a satellite peak
was also observed in NiO, LiNiO2, LiNi1/3Mn1/3Co1/3O2, and
LiNi0.5Mn1.5O4 [20–23] and was explained as being due to

multi-electron excitation [21, 22]. The peak with binding
energy 854.5 eV agrees with those reported for Ni2+ [22, 24].
In addition, the best fit for Ni 2p3/2 spectrum givens one
binding energy values as shown in the insert. As shown in
Fig. 4b, the binding energy of the Mn 2p XPS spectra is
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atom   site  g        x   y   z 
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Ni2    3b   0.419  0   0   0.5
Mn     3b   0.475  0   0   0.5
Al     3b   0.05     0   0   0.5
O      6c   1         0   0   0.2447

a=2.891A, c=14.321A
Rwp=5.21%, Rp=4.15%, u=0.01104A
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Fig. 3 Observed, calculated, and difference diffraction profiles of
LiNi0.475Mn0.475Al0.05O2 for Rietveld refinement
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Fig. 4 XPS of a Ni 2p, b Mn 2p of the LiNi0.475Mn0.475Al0.05O2 (the
insets in a and b are the best fit for the spectrum, respectively)

Fig. 2 SEM images of
precursor (a) and
LiNi0.475Mn0.475Al0.05O2 (b)
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642.1 eV, which consists of the Mn 2p3/2 in λ-MnO2 [21].
Similar to the Ni 2p3/2, the Mn 2p3/2 spectrum also gives one
peak for its best fit. Therefore, the valence state of Mn in
LiNi0.475Mn0.475Al0.05O2 is +4. The XPS results are in
accordance with the results reported elsewhere [8].

CVof LiNi0.475Mn0.475Al0.05O2 sample was tested in the
potential region of 2.5–4.4 V shown in Fig. 5. There are no
redox peaks around 3 V in the CV curves, indicating that
Mn ions in the sample are electrochemically inactive and
present the valence state of +4. The observed peaks around
4 V are attributed to the redox reaction of Ni2+/Ni4+ [6, 24].
Therefore, the valence states of Ni and Mn are +2 and +4,
respectively, agreeing with the results of the XPS analysis.
The oxidation and reduction peaks are located at 4.08 and
3.73 V, respectively, which are higher than those of
LiNi0.5Mn0.5O2 [14]. In addition, the differential peak
potential Δϕ is about 0.35 V, smaller than those of
LiNi0.5Mn0.5O2 reported by Kang [24], demonstrating the
better reversibility of the intercalation and deintercalation of
lithium ions in the electrode materials.

The initial, second, third, fifth, 10th, 20th, and 30th
cycle charge–discharge curves of LiNi0.475Mn0.475Al0.05O2

are shown in Fig. 6a. The cell was operated in the voltage
range from 2.5 to 4.4 V at a rate of 20 mA g−1. There is
only one voltage plateau on both charge and discharge
curves, which is consistent with the results in CV experi-
ments. The ratio of initial discharge/charge is about 96%.
From the second to the 30th cycle, the ratios of discharge/
charge are larger than 98%, illuminating that the electro-
chemical reversibility was established after the initial cycle.
As shown in Fig. 6b, the batteries show about 202 mAh g−1

of rechargeable capacity without dramatic capacity fading
during 30 cycles, with only 2.0% capacity decreased. This
result indicates that the designed cathode material with high

capability has a high degree of cation ordering required for
good Li+ mobility [25].

Rate capability is one of the important electrochemical
characteristics of a lithium-ion battery required for power
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Fig. 6 a Charge and discharge curves of the synthesized LiNi0.475
Mn0.475Al0.05O2 in the voltage from 2.5 to 4.4 Vat a rate of 20 mA g−1.
b Charge and discharge capacity as a function of cycle number.
c Discharge capacity at different current with cycle number. The
charge rate was fixed at 0.1 C (20 mA g−1)
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Fig. 5 Cyclic voltammetry of the synthesized LiNi0.475Mn0.475
Al0.05O2 in the voltage range 2.5–4.4 V at scanning rate 0.1 mV s−1
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storage application. In the present study, to investigate the
effect of Al doping on the rate capability, a cell with
LiNi0.475Mn0.475Al0.05O2 as the cathode materials was cycled
between 2.5 and 4.4 V at different discharge current densities:
0.1 C, 0.25 C, 0.5 C, 1C, 2.5 C, and 5 C (1 C=200 mAh g−1),
respectively. As can be seen in Fig. 6c, for every 10 cycles at
the same rate, the rate capacities scarcely changed. Even after
10 cycles at the rate of 5 C, 131.5 mAh g−1 capacity
remained. After completion of the high rate test, the capacity
is still about 200 mAh g−1, which is almost its original value,
indicating that the as-prepared LiNi0.475Mn0.475Al0.05O2

material has good electrochemical reversibility and structure
stability. The rate capability suggests that the synthesized
LiNi0.475Mn0.475Al0.05O2 material would be well suitable for
cathode materials of high-power lithium batteries.

Conclusion

Layered structured LiNi0.475Mn0.475Al0.05O2 sample was
synthesized by solid state reaction using Ni–Mn–Al–O
solid solution as precursor. The distribution of Ni, Mn, and
Al is homogeneous at the atomic level in the solid solution,
which results in highly ordering of cations in the final
sample LiNi0.475Mn0.475Al0.05O2. Aluminum doping nar-
rows the size distribution, lengthens the lattice parameter c,
and reduces the degree of Li/Ni cations’ mixing. The XPS
and CV data suggest that Ni and Mn are present as Ni2+ and
Mn4+, respectively. The electrochemical performance indi-
cates that LiNi0.475Mn0.475Al0.05O2 prepared in this study
has a competitive capacity, cycle ability, and rate capability,
indicating that the LiNi0.475Mn0.475Al0.05O2 can be used as
a possible alternative to LiCoO2.
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