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Synthesis and Characterization of Layered LiNi,,;Mn,,0, as
Cathode Material for Lithium Ion Batteries
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Abstract: Layered LiNi,,Mn,,0, was synthesized using a simplified co-precipitation method and characterized by
XRD, SEM, charge discharge cycling, cyclic voltammetry (CV) and Electrochemistry impedance spectroscopy
(EIS). Firstly, the mixture solution of the nickel hydroxide and manganese hydroxide was prepared by
coprecipitation. Secondly, the precursor was prepared from the co-precipitated solution using a preoxidation
method. Finally, the LiNi;,Mn,,0, was synthesized from the as-prepared precursor. The SEM and XRD results
indicate that the material is composed of spherical particles with size of 100~200 nm and has well-defined
layered structure. The charge discharge cycling tests reveal that the material synthesized at 900 °C for 9 h in air
atmosphere exhibits stable capacities of about 140 mAh-g™ in the cutoff voltage of 2.8~4.6 V for charge and
discharge at the end of 40" cycle. The CV curves show that the material has irreversible phase change at the
initial state of lithium deintercalation and reintercalation processes. EIS tests show that the LiNi;,Mn;,0, has

good ability of Li-ion diffusion.
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Since the first commercialization of lithium ion
batteries in 1991, the properties of batteries have been
greatly improved, but the practical cathode material
mainly remains the same as the initial material LiCoO,
in commercial lithium ion batteries. Because of the high
cost and toxicity of Co, researchers have been devoted
to develop cobalt alternatives. In recent years, lithium
nickel manganese oxides have been of great interest
among material chemists for advanced lithium ion
batteries " ¥ Among these materials, LiNi;,Mn;,0, is
the most attractive material in terms of its low cost, high
discharge capacity, long cycling stability and thermal
safety”". Some efforts have been devoted to improve
the electrochemical properties of LiNi;,Mn;,0, using
carbon coating!"! and doping™>9.

All the research results indicate that LiNi,,Mn,,0,
material may have great future in the application for
lithium ion batteries. But LiNi,,Mn,,0, is difficult to be
synthesized by a wet method. Manganese ions in
alkaline solution are easily oxidized when wet, then,
manganese may exist in different oxidation states,
such as Mn**, Mn®*, Mn**, which may lead to a
LiNi;,Mn;,0,.

manganese and nickel can not be dispersed uniformly

structural  impurity in Generally,

in  LiNi;,Mn;,0, material, thus deteriorating the
properties of LiNi;,Mn;,0, as a cathode material. In this
paper, we report an improved co-precipitation method
for the synthesis of the LiNi,; Mn;,0, A suitable
precursor was obtained by an improved method with
ultrasonic dispersion and preoxidation. The material
with perfect performance was synthesized in terms of

rechargeable capacity, rate capability, and cycle ability.
1 Experimental

The compound, LiNi,;,Mn,,0, was synthesized by a
simple mixed hydroxide method. Stoichiometric amount
of nickel nitrate (A.R., Chemical Reagent Factory of
Tianjin University, China) and manganese acetate (A.
R., Chemical Reagent Factory of Double Boat, China)
were dissolved in distilled water (1.0x10™* S-m™). The
above mixture solution was added slowly into the NaOH

(A.R., Chemical Reagent Factory of Tianjin University,

China) alkaline solution with vigorous stirring, at the

same time the pH value of the solution was kept at 11
by dropping NaOH solution. After dropping the nickel
nitrate and manganese acetate solution, H,0, was added
to the mixture solution with vigorous stirring and
ultrasonic dispersing. The stirring and ultrasonic dis-
persing to the solution for several hours so as to oxidize
the Mn** to Mn** as more as possible. The resulting co-
precipitated nickel hydroxide and manganese dioxide
were filtered out and washed thoroughly. Then, the
mixture was dehydrated at 400 °C for 8 h to oxidize the
manganese again, thus obtaining more pure Mn*. Then,
the mixture was ground in an agate mortar with
stoichiometric LiOH -H,0 and the powder was pressed
into pellets. The pellets were calcined in air at different
temperatures for several hours, followed by quenching
to room temperature in air. The product was thoroughly
ground for characterization and tests.

A Rigaku D/MAX-rC X-ray diffractometer with
Cu Ka;, (45 kV, 50 mA, step size=0.02°, 10°<26<90°,
A=0.154 08 nm) monochromated radiation was used to
identify the crystal structure of the materials calcined
under different conditions. The morphology of the sam-
ples was measured with a HITACHI S-4700 Scanning
Electron Microscopy. The cyclic voltammetry test was
carried out using a CHI660 electrochemical workstation
(Shanghai Chenhua Ltd., China). The voltage scanning
rate and scanning range was 1 mV +s™ and 2.6~4.6 V,
respectively. The charge-discharge tests were carried
out using a BTS-5V/3 mA lithium-ion battery tester
(Newear Technology Ltd., China), the current density
was 60 mAh-g™ and the voltage range from 2.8 to 4.4,
4.5, 4.6 V. Electrochemistry impedance spectroscopy
(EIS) was tested on a M273 electrochemical workstation
(Princeton Applied Research Ltd., USA). The EIS was
used to test the impedance of battery at different sate of
charge (SOC).

The test cells were assembled as follows. The
cathode was fabricated with an accurately weighed
active material and conductive binder. The cathode
mixtures consisted of metal oxide powder (as-prepared,
85wt% ), acetylene black (SP,10wt% ) and poly
(vinylidene fluoride) (PVDF, 5wt%) was dissolved in V-
methylpyrrolidone (NMP) solvent with stirring for 12 h,
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then coated on aluminum foil. The coated cathode
mixtures was dried at 120 °C for 12 h in an oven then
cut into 1 em diameter disks with a punch. The disk
cathode was pressed with 15 MPa pressure for 2 min.
Then the disk cathode was used to assemble cells. This
cell was composed of a cathode and a lithium metal
anode separated by a porous polypropylene film used as
the separator (Celgard 3401). The electrolyte used was
a 1 mol -L~" LiPFsethylene carbonate (EC)/dimethyl
carbonate (DMC) solution (1:1 by volume). The cells

were assembled in an argon-filled glove box.

2 Results and discussion

2.1 Characterization of materials

Fig.1 shows the XRD patterns of the LiNi;,Mn,,0,
synthesized by the mixed hydroxide method at calcina-
tion temperature of 800 and 900 °C for 9 h, respe-
ctively. The XRD patterns can be indexed on the basis
of the a-NaFeO, type structure, space group R3m !,
The hexagonal lattice parameters obtained by the least

square fitting method.
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Fig.1 XRD patterns of the compound, LiNi;,Mn;,0,
calcined at (a) 800 °C; (b) 900°C

For the sample calcined at 800 °C, the lattice
parameters a, ¢ and c¢/a is 0.287 2 nm, 1.425 4 nm, and
4.963, respectively, while 0.287 8 nm, 1.429 0 nm, and
4.965 for the sample calcined at 900 °C. These para-
meters are in well agreement with the values reported in
other references!™.

The strongest peaks of the sample calcined at 800
°C and 900 °C are (104) and (003), respectively, and the
ratio Jioz/Lioy is 0.94 and 1.16, respectively. The smaller

ratio of [ g/l 1o possibly indicates the displacement

between the transition metal ions at the 3 (a) sites and
lithium ions at the 3(b) sites. The nicer split (006 102)
and (108 110) peak pairs in the XRD patterns (Fig.1,b)
and the c/a ratio > 4.93 reveal that the material
calcined at 900 °C for 9 h has well-defined layered
structure!'".

The influence of heating time and cooling patterns
on the crystal structure of the samples calcined at 900
%C is shown in Fig.2. The XRD patterns of the samples
calcined for 9 and 24 h and cooled by quenching and
furnace nature cooling present sharp peaks, and
indicate the high crystallinity of the samples. The
calculated lattice parameters of these samples are

summarized in Table 1.
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Fig.2 XRD patterns of LiNi;,Mn 0, (a) calcined for 9
and 24 h; (b) cooled byquenching and furnace

nature cooling

By comparing the calculated lattice parameters,
we can know that the long time heating and the furnace-
cooling can make changes in the crystal structure. We
can see from the Table 1 that, under the conditions of
long time heating and furnace-cooling pattern, a value
becomes larger and ¢ becomes smaller, the ¢/a<4.93.
From the calculated results, the layered structure

becomes less perfect.
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Table 1

Lattice parameters and structural parameters for LiNi,,Mn,,0,

Heating time / h

Heating patterns

9 24 Quenching Furnace-cooling
alnm 2.878 2.893 0.287 8 0.288 4

¢ /nm 1.42 90 1423 8 1.429 0 14197

cla 4.965 4.922 4.965 4.923

The SEM image in Fig.3 presents the morphology
of LiNi;,Mn,;,0, sample synthesized at 900 °C for 9 h in
oxygen atmosphere. The diameters of the spherical
LiNi;,Mn,,0, particles are in the size range of 100~200

nm.

y419-60 15.0kV 11.5mm x40.0k SE(M)

Fig.3 SEM photograph of LiNi;,Mn,,0, calcined at
900 °C for 9 h

2.2 Charge-discharge properties

Fig.4 shows the cycle performance for LiNiy,
Mn,,0, synthesized under different conditions. Each
curve was tested at current density of 60 mA -¢™ and in
the voltage range of 2.8~4.4 V. As can be seen from the
figure, there is a very good cycle performance for the

material calcined at 900 °C for 9 h.
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Fig4 Cycle performance for LiNi;,Mn,,0, synthesized

under different conditions

The typical charge-discharge curves for LiNij,
Mn,,0, calcined at 900 °C for 9 h is shown in Fig.5. The

charge and discharge current is 60 mA -g™', as can be

seen from the figure, the material has a very good
reversibility. Its charge capacity (C.C.) for first cycle is
192.4 mAh -g™". The first cycle discharge capacity (D.
C.) is found to be 133.8 mAh -g™. So the efficiency of
the first cycle is low, about 69.5%, but the following
cycling efficiency remains about 98% . The low effi-
ciency of first cycle may be caused from the formation
of solid electrolyte interphase (SEI) which consumes

some active lithium.
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Fig.5 Typical charge and discharge curves for LiNiy;Mny,0,
synthesized at 900 °C for 9 h with a current of 60
mA-g al 2.8-4.4 V
Fig.6 shows the capacity-voltage relation at
different cutoff voltages for charging. As can be seen,
with the cutoff voltage increasing, the charge and

discharge capacity increases.
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Fig.6  Charge and discharge curves in the voltage range
2.8~44V,28~45V,2.8~4.6V

The material” s cycle performance in the voltage
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range of 2.8~4.6 V is show in Fig.7. We can see from
Fig.7 that the cutoff voltage of 4.6V for charging will not
damage the electrochemical properties. At the end of
40" cycle, the capacity is almost no reduction. So the
LiNi;,Mn,,0, material can be used for applications with

high voltage demand.
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Fig.7 Cycle performance for LiNi;,Mn,,0, in the voltage
range of 2.8~4.6 V with 60 mAh-g™ current
density

2.3 Electrochemical properties
The CV curves for fresh cell is depicted in Fig.8.
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Fig.8 Cyclic voltammetry of the synthesized LiNi;,Mn,,0,
in the voltage range 2.6~4.6 V at 1 mV-s™

It can be seen clearly that the first cycling curve
have two oxidation peaks, but only one peak in the
reduction process. After two cycles, two oxidation peaks
become one. This may be attributed to the irreversible
phase change at the start because of the existing of Ni*
and Mn**. It can be seen clearly from the figures that
the major oxidation and reduction peaks are observed at
around 4.15 V and 3.65 V, respectively and is repre-
sentative of lithium deintercalation and reintercalation
process, respectively. These observed peaks could be

assigned to Ni*/Ni* electrochemical process.

The Nyquist plots of LiNi;,Mn,,0, at different SOC
are shown in Fig.9. EIS experiments were performed on
working electrodes at the open circuit voltage (OCV)
state. Just one semicircle was observed in the OCV
state for both samples. In the low frequency region a
straight line was obtained which represents a diffusion-
controlled process in the solid electrode. The semicircle
might contain a contribution due to the compaction of
particles in the composite cathode, i.e. the inter-particle
contacts such as oxide-oxide, carbon-oxide and carbon-
carbon contacts. Zsimpwin software was used to quanti-
tatively analyze the condition of the electrode reaction,
and the situation of electrode can be approxi-mately
represented by the equivalent circuit in Fig.10. R, is the
solution resistance of the cell, R, is the cathode charge
transfer resistance, C,; represents the double layer
capacitance, and Z, is diffusion impedance. Table 2
lists the results calculated from electrochemical
impedance spectra based on the equivalent circuit

shown in Fig.10 using Zsimpwin software.
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Fig.9 EIS spectra (Nyquist complex plane plots) for cells
with active electrode of LiNi;,Mn,,0,at different
SOC at the OCV state

R, is the solution resistance of the cell, R, is the cathode charge
transfer resistance, C; represents the double layer capacitance,

and Z, is a diffusion impedance

Fig.10 Equivalent circuit for LiNi;;Mn,,0, electrode

It is obvious that the material at lower SOC has a
higher charge-transfer resistance (R,) and a higher Z,,

i.e. with the decreasing of SOC, R, increases gradually.
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Table 2 Results of EIS analysis of the LiMn,,Ni,,0, at different states of charge

R /Q C/F R./Q Z, | (" em™-s%)
100% SOC 8.34 2.257x10° 8.586 0.007 051
50% SOC 9.255 1.217x10° 18.28 0.006 046
10% SOC 10.03 1.082x10° 29.11 0.003 001
This may suggest that the lithium ions diffuse into the References:

cathode more hardly. As the discharge process goes on
(a process of SOC decreasing gradually), the amount of
lithium increases in the cathode material and the
surface lithium site of hexahedron is occupied by lithi-
um ion. Continuous discharge, the lithium ions have to
occupy the body site of Li, ,Ni;,;Mn,,0, that causes the
coming lithium ion overcome the repelling force of
electrostatics and overcome the block from the lithium
occupied at lattice. Thus, the lithium ions to enter the
lithium site of LNi;,Mn;,0, have to overcome larger
lattice energy, i.e. R, becomes bigger. But even at the
end of discharge, the R, is not very big. This indicates
that the LiNi;,Mn,;,0, has good ability of Li-ion

diffusion.
3 Conclusion

We have demonstrated an improved route for
synthesizing LiNi;,Mn;,0, under a simple condition.
XRD analysis confirms a layered structure. The
material synthesized at 900 “C for 9 h in air exhibits
stable capacities of about 140 mAh -g™ in the voltage
range of 2.8~4.6 V at the end of 40 cycles, indicating a
better electrochemical performance. The two oxidation
peaks of the first time voltammetry curve show that the
material has irreversible phase change because of the
existing of Ni** and Mn*. With the increasing of cycling
numbers, the structure of LiNi;,Mn;,0, becomes stable.
The smaller resistance of electrochemical impedance
results shows that the material has good Li-ion diffusion

ability.
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