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INTRODUCTION

During the past decades, due to the much higher
energy and higher power density per unit compared to other
rechargeable battery systems, lithium ion batteries have been
predominated in the portable energy storage devices. Now,
they are being intensively required not only to enable the
moderately charge/discharge rates applications like mobile
phone and portable computer but also to meet an increasing
need for new applications such as hybrid electric vehicles
(HEV), plug-in hybrid electric vehicles (PHEV) and electric
vehicles (EV), which need power sources with both high
energy and high power density, as well as considered for
stationary storage and utilization of intermittent renewable
energies like solar and wind. Lithium-ion batteries for these
on-going applications are depending on the cost, safety, charge/
discharge rate, cycle life, energy and power, which are mainly
controlled by the components used in batteries'*. Compared
to the anode materials, cathode materials have some dis-
advantages, such as lower voltage, more inferior capacity, etc.
Therefore, looking for the cathode materials to be provided
with elevated voltage, high capacity, good cycle performance,
safe and low cost, has become one of the focus topics in recent
years.
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-
Single-phase lithium nickel manganese oxide, LiNigsMnosO,, was successfully synthesized from nickel manganese oxide precursor that |
prepared by co-precipitation step by step. SEM images show the final product LiNipsMn,sO, has a uniform morphology composed of |
hexagonal cubes with the diameter about 300 nm composed of hexagonal slices and smooth crystal surface. The measured cation ratios of
Ni: Mn in different sites is nearly 1:1 according to the results of EDAX. X-ray diffraction pattern shows that the product is well crystallized |
with a high value of Ips/1104 and no diffraction peaks of LiMn,Os can be detected. Electrochemical performance of as-prepared LiNijsMngsO, |
was examined in the test battery by charge-discharge cycling with different rate. The cycling behavior between 2.5 and 4.4 V at a current |
rate of 20 mA g shows a reversible capacity of about 209 mAh g with little capacity fading after 30 cycles. High-rate capability test |
shows that even at a rate of 320 mA g™, stable capacity about 108 mAh g™ is still retained. The favorable electrochemical performance was
primarily attributed to regular and stable crustal structure with the uniform morphology. I
|

Keywords: Lithium-ion battery, LiNiysMn,s0,, Hexagonal sliced structure, Co-precipitation step by step, Electrochemical property.

Both LiNigsMngsO, and Li[NiLiq3.203Mns.03]0:2
synthesized above the temperature of 800 °C, reported by
Ohzuku and Makimurd® and Dahn et al.* showing the promi-
nent performance of the electrochemical properties. Since then,
the lithium nickel manganese oxides have caused great
concerns in the field of academy. Various synthesis method
such as solid-state reaction® >, ion-exchange *'°, hydroxide
co-precipitation method*'"'"%, hydrothermal synthesis"?, ultra-
sonic assistance synthesis', layered-spinel composite cathode
system'’ etc., have been applied to prepare these system
materials. However, the lithium nickel manganese oxides synthe-
sized with these methods are not higher battery-active due to
either containing substantial Li/Ni disorder or existing structure
impurity. Recently, there are two major breakthrough in solving
those problems that is either to transform solid solution of
Ni; sMn; 50, into Li(NigsMn,s)O by the solid reaction®, or to
synthesize concerntration-gradient cathode material'®. The
former is one of the effective ways to decrease the substantial
Li/Ni disorder, showing that the as-prepared LiNiosMnysO,
material has good electrochemical reversibility and structure
stability. For the latter, the central bulk that is rich in Ni can
provides high capacity whereas the Mn-rich outer layer can
improve the thermal stability, suggesting that meet the demanding
performance and safety requirements of hybrid electric vehicles.
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Furthermore, Yang et al.'” synthesized a spherical lithium-rich
layered cathode material Li]_13[MII()_534Ni0_233C00_233]0_3702 by CO-
precipitation, which was consisted of an inner core and a stable
concentration-gradient outer layer in which manganese content
was gradually increased. In this material, a typical rhombo-
hedral LiNiO,-like layered structure with the existence of the
monoclinic Li.MnO;-type intergrated component can be
detected. The lithium-rich layered material can deliver a high
capacity of 220 mAh g and the excellent cycle life and improved
thermal stability were achieved by the concertration-gradient
out layer. This inspired us to prepare cathode material for
lithium-ion batteries with this step-by-step co-precipitation.

In this work, we report on hexagonal cube structured
LiNigsMn, 50, material assembled by hexagonal sliced as the
cathode material for rechargeable lithium-ion batteries. The
formation of hexagonal cubes structred LiNiyosMngsO, was
inherited from nickel manganese oxides nanoparticles which
were obtained from the co-precipitation method by three steps.
The results of electrochemical measurements indicate that
the cathode material made of hexagonal cubes structured
LiNigsMn,sO, exhibits a large capacity and excellent cycling
stability.

EXPERIMENTAL

Synthesis of LiNiysMnys0, material: The preparation
of hexagonal cubes structured LiNi, sMn,sO, material follows
atwo steps route. First, nickel manganese oxide nanoparticles
was produced by a simple co-precipitation method using
NiCl,-6H,O and MnCl,-4H,O as the sources, LIOH-H,O as
the precipitants. Initially, 250 mL de-ionized water was taken
as a base solution. The pH value of the base solution was
adjusted to 8 with a few drops of ammonia and then the base
solution was fed into a reactor NiCl,-6H,O and MnCl,-4H,O
(8:2 molar ratio) were dissolved in de-ionized water to get a
2 M aqueous solution. Then, the chloride solution, a desired
amount of ammonia solution and 6 M LiOH-H,O solution were
fen into the reactor with vigorous stirring. After reaction for
2 h, a 2 M aqueous solution of NiCl,-6H,O and MnCl,-4H,O
(5:5 molar ratio) was pumped into the reactor and the desired
amount of ammonia solution and 6 M LiOH-H,O solution were
fen into the reactor drop by drop. After reaction for 2h,a2 M
aqueous solution of NiCl,-6H,0O and MnCl,-4H,O (2:8 molar
ratio) was pumped into the reactor and repeat the above
operation. All of the above steps are carried out under nitrogen
protection. The precipitate was filtered washed and dried at
70 °C in a vacuum oven. The precursor powder was mixed with
stoichiometric LiOH-H,O (5 m % excess) thoroughly, preli-
minarily annealed at 480 °C for 3h to dissolve fully and finally
calcined at 850 °C for 12 h in a tube furnace in air to get the
hexagonal cubes structured material.

X-ray diffraction (XRD) patterns were recorded on a
Philips X 'Pert spectrometer using CoK,, radiation (A = 1.78897
A) and the data were converted to CuK,, data. Scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDAX)
and transmission electron microscopy (TEM) images were
taken on a Horiba Ex-250 instrument and a Tecnai G2 F20
instrument, respectively.

Electrochemical tests: Charge and discharge profiles
were collected by galvanostatically cycling between 2.5 and

4.4V (Shenzhen Neware, BTS, China). For the preparation of
cathode sheets, slurry was formed by mixing the active
material, acetylene black and binder (polyvinylideneuoride,
dissolved in N-methyl-2-pyrrolidone) in a weight ratio of
75:20:5. The slurry was spread uniformly on aluminium foil.
The electrodes were dried under vacuum at 120 °C for 10 h
and then pressed under 60 MPa and weighted. 1 M LiPF, 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 positive electrode from negative
electrodes. Battery assembly was carried out in an argon-filled
glove box.

RESULTS AND DISCUSSION

Fig. 1 illustrates the XRD pattern of the as-prepared nickel
manganese oxide precursor by co-precipitation method. All
the peaks in Fig.1 can be indexed to the mixed phase of various
nickel manganese oxides including NiMn,O, and MnNi,O,
and a-MnO,/NiO can be observed owing to the complicated
preparation which different molar ratio of NiCl,-6H,O and
MnCl,-4H,O pumped into the reactor in a different order. The
broadening of XRD peaks suggests the small crystallite sizes
of the obtained nickel manganese oxide precursor. Up to now,
we still could not judge the precisely phase of the powder.
The morphologies of the precursor are characterized by SEM
measurements. Figs. 2 and 2a show that the precursor powder
takes on nanoparticles with size of less than 10 nm from the
high magnified image of (Fig. 2b).
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Fig. 1. XRD pattern of the as-prepared nickel manganese oxide precursor

The chemical compositions of the prepared powders were
determined by the EDAX. The patterns of the EDAX are shown
in Figs. 2¢ & 2d by selecting the different site of 1, 2 in Fig. 2b
and the results are summarized in Table-1. The measured cation
ratios of Ni:Mn in different sites is well in agreement to the
intended composition, which implies that the metal oxides are
homogenously reacted.

Fig. 3 shows the XRD pattern of the as-synthesized
LiNigsMn, 5O, prepared by reaction of nickel manganese oxide
nanoparticle and LiOH at 850 °C for 12 h. All the diffraction
peaks can be indexed with the a-NaFeO»-type structure with
space group R-3m and scarcely any sigh of the undesired
LiMn,0; can be found under the detection limitation'*'®,
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Fig. 2. SEM images of the nickel manganese oxide precursor (a, b) and (c, d) corresponding EDAX patterns of the sites (1) and (2) in (b), respectively

TABLE-1 Moreover, the final product calcined at 850 °C shows good
gg%%gmi%ﬂﬁggmg l;%ngAEQ crysFallinity of the mater'ial because of thﬁ: narrow XRD peaks.
CORRESPONDING TO THE SITE OF 1, 2 AND 3.4 IN Lattice parameters obtained from ten LlNl(),jMIl(),jOz sampleos
FIGURE 2b AND 4b, RESPECTIVELY with the identical electrochemical reactivity are a = 2.891 A
At % 1 2 3 4 and ¢ = 14.18 A in a hexagonal. Both the c/a (4.91) and the
hlillril }Zgg(l) gggi iigﬁ ;igg 10(33/1104 (1..36) iptensity 11atio indicate a higk} Qegree of the Li-
Ni order in their respective layers. The splitting of the (006)/
(102) and (108)/ (110) diffraction pairs can be clearly detected,
g indicating that the product of LiNiysMngsO, is almost ideal
layered structure and crystallinity.

Fig. 4a gives the SEM images of the finally product
S LiNiosMn,sO, that has a uniform morphology composed of
= N hexagonal cubes with the diameter about 300 nm and smooth
8 crystal surface. And the hexagonal cubes are composed of
z hexagonal slices from the extended images of (Fig. 4b). The
5 chemical compositions of the prepared powders determined
= 5 © by the EDAX are shown in Figs. 2c & 2d by selecting the diffe-
8 9 N Q E rent site of 3, 4 in Fig. 4b and the results are summarized in
§ T -7 ® Table-1. The measured cation ratios of Ni: Mn in different
I LL___J'—JLJZ_.__-\. sites is well in agreement to the intended composition, which

implies that the metal oxides are homogenously reacted.
o 20 30 40 50 e 70 80 The initial, 2', 3%, 5%, 10% 20" and 30" cycle charge-
20(9 discharge curves of LiNigsMnsO, are shown in Fig. 4a. The

Fig. 3. XRD pattern of the core-shell structured LiNiysMn,sO, cell was oper ated in the VOltage range from25tw44Vata
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Fig. 4. SEM images of the finally production LiNiosMn,sO, (a, b) and (c, d) corresponding EDAX patterns of the sites (3, 4) in (b), respectively
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Fig. 5. (a) charge and discharge curves of the synthesized LiNiysMn,sO, in the voltage from 2.5 to 4.4 V at a rate of 20 mA g, (b) charge and discharge

capacity as a function of cycle number

current rate of 20 mA g”'. There is only one voltage plateau on
both charge and discharge curves. The ratio of initial discharge/
charge is about 96 %. From the 2™ to the 30" cycles, the ratios
of discharge/charge are larger than 98 %, illuminating that the
electrochemical reversibility was established after the initial
cycle. As shown in Fig. 6b, the batteries capacity fading during
30 cycles, with only 5 % capacity decreased. This result indicates
that the designed cathode about 209 mAh g of rechargeable

capacity without dramatic material with high capacity has a
high degree of cation ordering required for good Li* mobility.

In addition, we focus on the durability on the constant
current charge/discharge measurement by different rates over
the voltage range of 2.5-4.4 V and the results are shown in
Fig. 5a. The first discharge capacities of the LiNipsMngsO,
are 221,210, 172, 137 and 142 mAh g at 20, 40, 80, 160 and
320 mA g’', respectively. It is notable that the capacity retention
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rate at 320 mA g’ maintained nearly 65 % of its capacity
compared with 20 mA g™'. Fig. 5b compares the rate capability
of the LiNipsMnysO, with charge/discharge rate of 20 mA
¢'t0320mA g, showing obviously slow capacity decay with
increasing discharge rate. After 30 cycles with the discharge
rate of 320 mA g, the discharge capacity is still maintained
108 mAh g'. The good capacity retention for the synthesized
LiNigsMn, 5O, after cycling at constant charge/discharge rate
suggests that its structure is stable (Fig. 6).
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Fig. 6. (a) charge and discharge curves of the LiNipsMn,sO, at different
current rate, (b) discharge capacity at different current rate as a
function of cycle number

Conclusion

In summary, layered LiNij sMnsO> compounds have been
prepared with the nickel manganese oxide nanoparicles pre-

cursor synthesized by co-precipitation by three steps under
the protection of nitrogen. The presence of hexagonal cubes
with diameter about 300 nm composed of hexagonal slices
and the distribution of nickel and manganese are confirmed
by SEM and EDAX. When applied as cathode materials for
rechargeable lithium-ion batteries, the hexagonal cubes struc-
tured LiNiosMngsO, revealed stable high-rate capability. The
discharge capacity is 108 mAh g at the current rate of 320
mA g and it shows good capacity retention after 30 cycles.
The excellent high rate for hexagonal cubes structured
LiNipsMn,s0, maybe due to its sliced morphology which is
suitable for lithium ion diffusion. It is believed that this synthetic
method would be easily extended to large-scale production.
The simple synthesis method and the excellent electrochemical
properties indicate that the synthesized LiNiysMngsO; can be
used as a possible alternative to LiCoO; in responsed to an
expanding need for the advanced lithium-ion batteries.
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