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Abstract—Nickel-rich layered materials are prospective cathode materials for use in lithium-ion batteries due to their
higher capacity and lower cost relative to LiCoO,. In this work, spherical Niy¢Co,;Mn,,(OH), precursors are success-
fully synthesized through a co-precipitation method. The synthetic conditions of the precursors - including the pH, stir-
ring speed, molar ratio of NH,OH to transition metals and reaction temperature - are investigated in detail, and their
variations have significant effects on the morphology, microstructure and tap-density of the prepared Ni,zCo,,Mny,
(OH), precursors. LiNi,sCo,,Mn,,0, is then prepared from these precursors through a reaction with 5% excess LiOH-
H,O at various temperatures. The crystal structure, morphology and electrochemical properties of the NiysCo,;,Mny,
(OH), precursors and LiNi,3Co,,Mn,,0, were investigated. In the voltage range from 3.0 to 4.3 V; LiNj,4Co,,Mn,,0,
exhibits an initial discharge capacity of 193.0 mAh g at a 0.1 C-rate. The cathode delivers an initial capacity of 170.4
mAh g ' ata 1 C-rate, and it retains 90.4% of its capacity after 100 cycles.

Keywords: Lithium-ion Battery, Cathode Material, LiNi,Co,;Mn,,0,, Co-precipitation, Electrochemical Properties

INTRODUCTION

Lithium-ion batteries are promising power supplies for use in
electric vehicles due to their high energy density and long cycling
life relative to other secondary batteries [1-5], and layered lithium
transition metal oxides are by far the most extensively used cath-
ode materials for lithium ion batteries [6-8]. However, these suffer
from several shortcomings, including a poor structural stability, an
inability to extract all lithjum ions and the high cost and toxicity of
cobalt [9-11]. Therefore it is important to develop alternative cath-
ode materials in order to obtain a higher capacity, improved safety
and lower cost. LiNiO, is one of the most attractive candidate mate-
rials that has been suggested so far to meet these requirements be-
cause it has been shown to attain a higher reversible capacity with
a lower cost than LiCoO, [1,12,13]. However, LiNiO, suffers from
an intrinsic poor thermal stability at a fully charged state with a poor
cycle life, and these characteristics are related to the chemical and
structural instability of tetravalent nickel [14,15]. Comparatively,
nickel-rich layered Li(Nji,_,_,Mn,Co,)O,, which has a partial sub-
stitution of Co and Mn for Nj, is a promising material because of
its lower cost, reduced toxicity, improved thermal stability, and good
cycling stability and safety. A series of these materials shows that
Ni can achieve a high capacity while Co provides a higher electri-
cal conductivity and rate performance. Mn is associated with the
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cycling performance because a part of Mn does not change its valence
state during charge and discharge cycles [14,16,17]. Various meth-
ods have been applied in the synthesis of Ni-rich layered cathode
materials, including solid state [18], sol-gel [19-22], chloride co-
precipitation [23], carbonate co-precipitation [19,24] and hydrox-
ide co-precipitation [15,25-30] methods. A comparison of these
synthesis methods shows that the co-precipitation method has many
advantages in that it provides a homogeneous precursor with high
tap-density, a uniform distribution for the Ni, Co, and Mn atoms,
a controllable morphology, improved electrochemical properties
and favorable process conditions for mass production. Ying et al.
[31] prepared LiNiy3Co,,0, via co-precipitation and obtained a
charge capacity of 217 mAh g followed by a discharge capacity of
172mAh g ' and a 79.3% Coulombic efficiency during the initial
cycle. Cheralathan et al. [32] also investigated the effect of the prepa-
ration conditions, such as the pH, NH,OH concentration and co-
precipitation time, to synthesize micro-spherical LiNi,gCoy,5Mny50,
materials. Spherical LiNi;Coy,5Mnys0, prepared under optimum
conditions exhibited a hexagonally-ordered, layered structure and
an initial charging capacity of 176 mAhg ' without cation mixing,
More than 91% of the initial capacity was retained after 40 cycles
ata 1 C-rate in a voltage range from 3.0 to 4.3 V.

In this work, we have successfully synthesized layered Ni-rich
LiNi,;sC0,Mny,0, material. The synthesis conditions for spheri-
cal Niy3Coy;Mn,,(OH), precursors, such as the pH, the ratio of
the chelating agent (NH,OH) to metal solution, the stirring speed,
temperature and residence time have been studied in detail. These
materials were synthesized through continuous co-precipitation by
using a continuously stirred tank reactor (CSTR). The properties
of the Ni,3Co,;Mn,,(OH), precursor and the electrochemical prop-
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Table 1. Synthetic conditions of the precursors

Sample  pH NH,OH : Rsc;)t::(;n Temperature/ Residence
metal °C time/h
m
P, 11.2 1:1 600 50 10
P, 11.5 1:1 600 50 10
P, 11.8 1:1 600 50 10
P, 11.5 08:1 600 50 10
P 11.5 12:1 600 50 10
P 11.5 1:1 500 50 10
P, 11.5 1:1 800 50 10
P 11.5 1:1 600 45 10
P, 115  1:1 600 55 10
Py 11.5 1:1 600 50 8
Py 11.5 1:1 600 50 12

erties of the LiNi,sCo,;Mn,,O, materials were also investigated.
EXPERIMENTAL

1. Materials Synthesis

The layered oxide LiNiysCoq;Mn,;0, powders were prepared
via co-precipitation [32]. At first, a stoichiometric amount of NiSO,-
6H,0, CoSO,-7H,0, and MnSO,-6H,O with the corresponding
molar composition of 0.8:0.1:0.1 were dissolved together in de-
ionized water to obtain a transparent solution. The solution was
then pumped into a continuously stirred tank reactor (CSTR, capac-
ity 1.5L) under an N, atmosphere. At the same time, the NaOH
and NH,OH solutions were separately pumped into the reactor.
The optimum synthetic (co-precipitation) conditions were investi-
gated in detail, and these conditions are summarized in Table 1. In
general, the particle size and the morphology are the most import-
ant factors that determine the performance of the cathode mate-
rial. We adjusted the corresponding parameters, including the pH,
molar ratio of NH,OH to the metal solution, reaction tempera-
ture, stirring speed, and residence time, because these have a great
effect on the particle size and on the morphology of the materials.
The co-precipitated spherical NijgCo,;Mn,,(OH), powder was fil-
tered, washed with de-ionized water and vacuum-dried at 110°C
for 24 h. Finally, the Ni;sCo,;Mn,,(OH), precursors were mixed
with LiOH-H,O (with a molar ratio of Li/M=1.05), preheated to
480°C for 5h and then heated at 780, 800, and 820 °C for 16 h in
air to obtain the LiNijsCo,,Mn,,0, powder.
2. Material Characterization

The crystalline structure of the samples was characterized via
X-ray diffraction (XRD) measurements using a Rigaku D Max/
2000 PC with Cu Ke radiation in the 26 angular range of 10 to
80° at a scanning rate of 4° min™". The particle morphology and the
elemental composition of the powder were assessed using a scan-
ning electron microscope (SEM, Hitachi S-4800) equipped with
an energy dispersive spectroscope (EDS).
3. Electrochemical Characterization

2016 coin-type cells were used to measure the electrochemical
properties of the samples. The cells were cycled galvanostatically

between 3.0V and 4.3, 4.5 and 4.7 V. The cathodes that were used
during the cell test were fabricated with a mixture of the active mate-
rial (80 wt%), conductive agent (Super B, Timcal) (10 wt%), and
polyvinylidene fluoride (PVDE KF 1300, KUREHA) binder (10
wt%) by dispersion/dissolution in N-methyl-2-pyrrolidene (NMP).
We prepared the cathode slurry by mixing the NMP solution with
the polyvinylidene fluoride, the carbon black, and the powdery
cathode-active material. To prepare the electrodes, the cathode slurry
was coated on an Al foil, left to dry at 110°C for 8 h in a vacuum
oven, and then roll-pressed prior to use. All electrodes were cut
into disks with diameters of 1.4 cm. The electrochemical measure-
ments were carried out with coin-type cells (CR-2016 size) con-
taining the cathode, a Li-metal anode (as a counter electrode), a
micro-porous polyethylene separator (E16MMS, Tonen), and 1:2
volume ratio mixture of ethylene carbonate (EC) and ethylene methyl-
carbonate (EMC) containing 1 M LiPF; as electrolyte (PANAX, ETEC
Co.,, Ltd., Korea). The cells were prepared in an Ar-filled glove box
in which oxygen and H,O content remained below 1.0 ppm.

The cells were tested using a cycler (PNE solution, KOREA) in
the potential range from 3.0 to 4.3 V at different current densities
ranging from 185mA g (0.1C) to 1,295mA g (7C) at room tem-
perature (25 °C) and at 60 °C. Cyclic voltammetry (CV) measure-
ments were then conducted in a voltage range from 3.0 to 43V at
a scanning rate of 0.1 mV s~ by using an electrochemical analyzer
(Bio-logic, VSP, France).

RESULTS AND DISCUSSION

1. Characteristics of the Ni,3Co,;Mn,;(OH), Precursors

The synthesis conditions for the precursors are highly import-
ant because they affect the morphology, phase structure and elec-
trochemical properties of the materials. Fig. 1 shows the SEM images
of the NiysCoy,Mny,(OH), powders (P,, P, and P;) that were pre-
pared at different pH values. The pH value also plays an important
role in determining the purity of the manganese hydroxide precip-
itation because the formation of manganese oxides may be pro-
moted by increasing the pH [33]. When the pH is 11.5, the particles
are nearly uniform in shape [Fig. 1(b)] and the tap-density of the
precursor is 1.91 g cm . The particle shape of the precursor is spheri-
cal, and the average secondary particle diameter (Ds,) is 16 um with
a primary particle that is smaller than 500 nm. When the pH in-
creases, the particles become smaller and non-uniform, and a lot
of fine particles can be observed [Fig. 1(c)]. The tap-density thus
gradually decreases as the pH increases (1.26 g cm™> at pH=11.8).
Therefore, the pH was fixed at 11.5 for the following experiments.

NH,OH is a well-known chelating agent used in the co-precipi-
tation method, and this material prevents phase separation and pro-
motes the formation of homogeneous transition metal hydroxide
[24,34]. The molar ratio of the transition metal to NH,OH also
influences the morphology and the microstructure, as can be clearly
observed in Fig. 2. The primary crystalline grains become smaller
when the molar ratio of NH,OH to metal increases, and at a molar
ratio of 1.0, the surface morphology of particles becomes sheet-like
and the secondary particles are observed to be more uniform than
the others. In addition, when the molar ratio of NH,OH to transition
metal increases, the concentration of the complex [Ni(NH;),]*" in-
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Fig. 1. SEM images of Ni,3Co,,Mn,,(OH), powders prepared at various pH. (a), (b) P, 11.2; (c), (d) P, 11.5; and (e), (f) P; 11.8 (magnifica-

tion: I=1,500x and I1=50,000x%).

creases, which leads to an incomplete precipitation of Ni** [33].
The stirring speed was adjusted to examine the effect of the stir-
ring speed on the particle morphology. Highly agglomerated par-
ticles can be observed at a relatively low stirring speed (Fig. 3(a)).
At a low stirring speed (500 rpm), the particles become larger than
those that were obtained at a high stirring speed. The spherical
particles of the 3 precursors that were obtained at stirring speeds
of 500, 600 and 800 rpm have an average size of approximately 20,
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16 and 13 pm, respectively. It is thus clear that the stirring speed
greatly affects size of the particles of the precursor.

The effect of the reaction temperature is investigated by fixing
the pH, the molar ratio of NH,OH to metal and the stirring speed
to the optimum values that have been previously determined. The
morphology of the precursor particles is shown in Fig. 4. The high-
est purity and uniformity of the particle size and morphology were
achieved at a 50 °C co-precipitation temperature. The tap-density
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Fig. 2. SEM images of Ni,3Co, ,Mn,,(OH), powders prepared at various molar ratios of NH,OH/metal: (a) P, 0.8, (b) P, 1.0, and (c) P;

1.2 (magnification: I=1,500x and I1=50,000x).

of the samples does not change significantly with variations in the
reaction temperature. At 45 °C, the precursor has a smaller primary
particle size and a lower tap-density than those obtained at 50 and
55 °C. Liang et al. reported that the purity of the particles becomes
lower at higher temperatures than 50 °C which may be a result of
the presence of MnOOH or Mn;O, impurities [28]. The stability
of transition metal ions that are chelated by ammonium ions may

also decrease as the co-precipitation temperature increases.
Finally, the effect of the residence time was investigated. The de-
finition of the residence time is described in Eq. (1):

N
T=—

M
q

where 7is the residence time, V is the volume of the reactor, and q
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Fig. 3. SEM images of Ni,3Co,;Mn,,(OH), powders prepared at various stirring speed. (a) P; 500 rpm; (b) P, 600 rpm; and (c) P, 800 rpm

(magnification: I=1,500x and I1=50,000x).

is the flow rate of the reactants. In this study; the residence times
were adjusted to 8h, 10h, and 12h, and the SEM images of the
particles that were obtained for each residence time are shown in
Fig. 5. For a residence time of 8 h and 10 h, the particle size and the
morphology are similar. However, as the residence time is further
elongated (12 h), the particle size becomes smaller (9.18 pm) and non-

February, 2016

uniform. The primary particles are also smaller and exhibit sheet-like
nano-plates on the surface. Secondary particles are composed of
aggregated primary particles, and the long residence time (low flow
rate of the reactants) decreases the degree of supersaturation and hin-
ders the aggregation process, which may be the reason for which
smaller secondary particles are obtained at a long residence time.
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Fig. 4. SEM images of Ni,3Co,,Mn,,(OH), powders prepared at various reaction temperature. (a) P 45 °C; (b) P, 50°C; and (c) P, 55°C

(magnification: I=1,000x and I1=50,000x).

2. Characteristics of the LiNi, ;Co,,;Mn, 0, Powder

The spherical NiyCo,,Mn,,(OH), precursor (P, sample) is then
used to investigate the relationship between the synthesis temperature
and the physical/electrochemical properties of the LiNi,sCo,;, Mny,, O,
cathode materials that were lithiated via calcination at various tem-
peratures from 780 to 820 °C.

Fig. 6(a) shows the X-ray diffraction pattern of the NiysMn,,Coy,
(OH), precursor (P, sample), which is similar to that of Ni(OH),

[31]. All of the diffraction lines are indexed to a hexagonal struc-
ture with a space group of P3m1. The crystal lattice parameters of the
layered NiyMn,,Co,,(OH), precursor are a=3.114 A and c=4.617
A. Fig. 6(b) displays the XRD patterns of the LiNiysCo,;Mny,O,
samples that were prepared by calcining the precursor and LiOH-
H,0 mixture at 780, 800, and 820 °C for 16 h. The XRD patterns
exhibit clear peak splits of 006/102 and 108/110 doublets, which
indicate that the materials have a well-ordered crystalline struc-
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Fig. 5. SEM images of Ni,3Co,,Mn,;(OH), powders prepared at various residence time. (a) P,, 8 h; (b) P, 10h; and (c) P;; 12 h (magnifica-

tion: I=1,000x and I1=50,000x).

ture. All of the diffraction peaks are indexed to an o-NaFeO, struc-
ture (R3), and no impurity peaks appear. The unit cell parameters
are calculated and summarized in Table 2. The @ cell parameter is
the measure of the intralayer metal-metal distance and the ¢ param-
eter is the sum of the MO, (M=transition metal) octahedra layer
(slab) thickness (slab thickness S) and LiO, octahedra layer thick-
ness (interslab thickness I) in the lamellar structure of LiMO, [35].
Therefore, the increase in the parameter reflects an increase in the

February, 2016

effective ionic radius. From Table 2, the lattice parameters a and ¢
increase from 2.8733 A and 142123 A to 2.8751 and 142217 A,
respectively; as the calcination temperature increases. The values of
c/a for all samples are relatively high, which indicates the forma-
tion of a well-ordered layered structure [35,36]. In the material
with a layer-structure, cation mixing is known to negatively impact
the electrochemical performance. The intensity ratio of Iys/I,g, is
an indicative parameter to determine the cation mixing in the lat-



Properties of LiNi;4Co,,Mn,,0, as a high energy cathode material for lithium-ion batteries 521

T T T T T T T T T T T

(a)

=)
/‘-'\ =
= = 7
- [
—
2“ | |
2 | | i
5 | = ‘i
= f T 8
= |' l
QO
10 20 30 60 70 80
20 (Degrec)

(b)
= 2
< |
R _ - - -
2| | |f e g
=R - I v B S SR
5 |
8 800 °C
= _J » N e
k=

we | o
T T T T T T T T T T T v
10 20 30 40 50 60 70 80
26 (Degree)

Fig. 6. XRD pattern for (a) NijsMn,;Co,,(OH), (P, sample) powders and (b) LiNiysCo,,Mn,,0, samples prepared at various calcination

temperatures: 780, 800 and 820 °C.

Table 2. Comparison of the lattice parameters of LiNi, sCo,;Mn,;0, samples at various calcination temperatures

a(A) c(A) c/a R, R
LiNi,5Co,,Mn,,0, - 780 °C 2.8733 14.2123 4.9463 1.4438 0.5068
LiNi,sCo,,Mn,,0, - 800 °C 2.8753 14.2192 4.9419 1.3831 0.5068
LiNi,sCo,,;Mn,,0, - 820 °C 2.8751 14.2217 4.9464 1.3327 0.5366

tice of the layered oxides [37,38], and a value lower than 1.2 indi-
cates a higher degree of cation mixing [39]. Table 2 shows that the
Toos/L1o4 ratios of all samples are greater than 1.2, which indicates
that all samples have a well-ordered layered o-NaFeO, structure. The
Toos/ Lo, ratio is 1.4438, 1.3831 and 1.3327 at 780, 800 and 820°C,
respectively. The results also indicate that the LiNi;sCo,;Mny,0,
samples synthesized at 780 and 800 °C have better-ordered layered
structures, with lower Ni** and Li" anti-site disordering than the
other sample [39].

The morphology of the LiNi;sCo,;Mn, 0, samples obtained at
various calcination temperatures are shown in Fig. 7. The spheri-
cal particle shape and the average particle diameter are almost same
as those of the precursors after calcination. However, the sheet-like
primary particles of the precursor can be seen to have completely
changed into rectangular primary particles with sizes of 0.5 to 1 um
(Fig. 7). This indicates that the size and the shape of the second-
ary particles do not change significantly during calcination while
only the primary particles exhibit a change in morphology, result-
ing in an improvement of the tap-density (2.35 g cm™). At 800 °C,
the primary particles are the smallest relative to other samples, which
would then result in a large specific area of the sample and an im-
provement in the rate capability.

Fig. 8 shows the corresponding elemental mapping images of
the cathode materials that were acquired with energy dispersive X-
ray spectroscopy (EDX). Ni, Co, and Mn elements are seen to have
a uniform distribution over the particles. The atomic ratio of Ni:
Co: Mn in the sample is measured to be 0.812:0.105:0.0826 (Table
3), which is close enough to our target composition of 8:1: 1, con-
sidering that the EDX can give only an approximate composition.
3. Electrochemical Properties

The initial charge-discharge curves of the LiNi;sCo,,Mny,0,

samples that were calcined at various temperatures are shown in
Fig. 9(a). The LiNi,sCo,;Mn,,O, electrodes were discharged at a
0.1 C-rate in the voltage range from 3.0 to 4.3 V at 25°C and 60 °C.
The discharge capacities increase as the calcination temperature
increases from 780 to 800 °C. The initial discharge capacity for the
samples calcined at 780, and 800 °C are 185.6 and 1939 mAh g’

respectively. However, the discharge capacity decreases to 186.2 mAh
g when the calcination temperature increases to 820 °C. Although
calcination at a higher temperature can increase the crystallinity,
excessive lithium evaporation is unavoidable during heat treatment
[40]. For the cell test at an elevated temperature (60 °C), the LiNig
Co,y,;Mny,, 0, calcined at 800 °C exhibits an initial discharge capacity
of 211.1 mAh g . The cydling performance of the LiNigzCoy;Mny,,0,
calcined between 780 and 820 °C at a constant current density of
185mA g (approximately 1 C) was also investigated, and the results
are shown in Fig, 9(b). The cell delivers a capacity of 1704 mAh g
at the 1% cydle and 153.7 mAh g™ at the 100" cycle with a capacity
retention of 90.41% while the samples calcined at 780 and 820 °C
exhibited a capacity retention of 84.5 and 80.9%, respectively. In
the high-temperature cycling test (60 °C), the cell delivers a capac-
ity of 196.6 mAh g ' at the 1" cycle and 156.4 mAh g ' at the 100"
cycle, with a capacity retention rate of 79.6%. The poor capacity
retention for LiNiy3Co,,;Mn,,0, is characteristic of Ni-rich cath-
ode materjals due to the structural transformation near the sur-
face region. The spontaneous reduction of Ni** to stable Ni** and
the evolution of oxygen species from the surface also contributes
to the formation of LiOH and Li,CO; on the surface [18,41].

The cycling stability at a higher voltage was observed by increas-
ing the upper cut-off voltage to 4.5 and 4.7 V vs. Li'/Li for the LiNi,g
Coy;Mn,,0, calcined at 800 °C. Fig. 10(a) shows that the initial
discharge capacities gradually increase when the upper cut-off volt-
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Fig. 7. SEM images of LiNijsCo,;Mn, 0, sample prepared at various calcination temperatures (a) 780, (b) 800 and (c) 820 °C.

age is raised. In the voltage range from 3.0 to 4.3, 4.5 and 4.7 V, the
initial discharge capacities of the LiNijsCo,,Mn,,O, samples are
193.9, 210.4 and 217.7 mAh g, respectively. The cycling stability
of the LiNi;sCoy,Mny, O, electrode is shown in Fig. 10(b). The dis-
charge capacity gradually decreases from 1704 mAh g at the 1%
cycle (1 C-rate) to 153.7 mAh g at the 100™ cycle with a capacity
retention of 90.4% over 3.0 to 4.3 V. For cycling with 4.5 and 4.7 V
of the upper cut-off voltage, only 43.8 and 47.8% of the initial capac-
ity was retained at the 100" cycle. This severe capacity fading at a
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high cut-off voltage may be a result of the interfacial reaction be-
tween the electrolyte and the cathode material and a dissolution of
the cobalt at a high operating potential (>4.3 V), which can lead to
a significant degradation in the capacity retention [42,43].

The rate capability is well-known to be strongly affected by the
surface area and the primary particle size of the cathode material.
Fig. 11 shows the rate performance of the LiNiyCo,,Mny,0, cal-
cined at 800 °C, as measured at various current densities in the volt-
age range from 3.0 to 4.3 V. The cells were cycled at 0.1 C (18.5 mA
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Fig. 8. Elemental mapping images and EDX analysis of LiNi,sCo,,Mn,,0, prepared at 800 °C.

Table 3. EDX analysis of LiNi,sCo,,Mn,;0, prepared at 800 °C

Element Norm. C [wt%] Atom. C [at%]
Nickel 81.64 81.24
Cobalt 10.59 10.5
Manganese 7.77 8.26

g") for 5 cycles, then at 0.2C (37mA g '),05C (925mA g'), 1C
(185mA g '),3C(555mA g '), 5C (925mA g '), 7C (1,285 mA
g ") and finally returning to 0.1 C (18.5mA g ') each for 5 cycles.
The LiNijsCo,,Mn,, O, represents a good rate capability, as shown
in the figure. Even at the 7 C-rate, the sample showed a capacity as
high as 130.7 mAh g ' (68.8% of the capacity retention vs. 0.1 C),

indicating that the LiNiysCoy,Mny;0, synthesized in optimum
conditions has a superior rate capability that has not been attained
in prior studies [19,25,26]. The above results indicate that the LiNijg
Co,;Mny,0, synthesized via co-precipitation with optimum con-
ditions (pH=11.5, 600 rpm, 50 °C and 1.0 molar ratio of NH,OH/
metal solution) exhibit the highest initial capacity and a good rate
capability. However, the cycling performance still needs to improve.

Cycdlic voltammetry (CV) was carried out for the initial three
cycles between 3.0 and 4.3 V at a scan rate of 0.1 mV-s " in order
to investigate the structural stability of the LiNi,sCo, ,Mny,O, materi-
als against the electrochemical reaction, and the results are shown
in Fig. 12. The CV profile of the first cycle can be seen to differ
from those of the following cycles. The anodic peaks were observed
at 3.94 and 4.24V during the first delithiation; at 3.83, 4.02 and

Korean J. Chem. Eng.(Vol. 33, No. 2)
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Fig. 11. Electrochemical performance of the LiNi,sCo,,Mn,,0, prepared at 800 °C in a voltage range of 3.0-4.3 V at 25 °C. (a) Initial charge-
discharge curves and (b) rate capability measured at 0.1 to 7 C of discharge current density. The electrodes were charged at 0.1 C
and discharged at the corresponding rates.

425V during the second delithiation; at 3.83, 4.02 and 4.25V dur-
ing the third delithiation; and at 3.82, 4.02 and 4.25V during the
fourth delithiation. In the first anodic scan, there is a prominent

anodic reaction at 3.94 'V, but it is no longer observed during the
subsequent cycles. This may be attributed to the activation of the
electrode after which the potential of the delithiation reaction de-
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Fig. 12. Cydic voltammetry (0.1 mV s, 3.0-4.3 V) of LiNi,sCoy;
Mn,,0, prepared at 800 °C.

creases [44]. Lu et al. [19] reported that the first oxidation peak
corresponds to the transformation of the material from a pristine
hexagonal phase (H,) to a new monoclinic phase (M), the second
corresponds to the transformation between the monoclinic phase
and the second hexagonal phase (H,), and the last corresponds to
an H, transformation to a third hexagonal phase (Hj). Due to the
complicated phase transformations during charge and discharge
cycles, the material often shows an unstable cycle life performance.
Furthermore, the high concentration of unstable Ni** in the delithi-
ated state (H; phase) can be easily reduced to a divalent and insu-
lating NiO phase at the surface [39,45], which would also result in
capacity fading during cycling, which helps to understand why the
material often faces a rapid loss in capacity during cycling. There
is no obvious difference in the redox peak (3.82 V of cathodic peak
potential and 3.69V of anodic peak potential), which indicates
that the Li-ions are reversibly intercalated and de-intercalated in
the LiNiyCo,;Mny, O, electrode with good stability.

CONCLUSIONS

1) Homogeneous, layered LiNi;sCo,;Mny,0, cathode materi-
als were successfully synthesized via co-precipitation at optimum
conditions, and the samples that were obtained exhibited a spheri-
cal morphology; high tap-density and high capacity. Furthermore,
we could control the morphology of the precursor particles by adjust-
ing the conditions during synthesis.

2) The particles size of the precursors was dependent on the pro-
cess variables during co-precipitation. An increase in pH from 11.2
to 11.8, stirring speed from 500 to 800 rpm and residence time from
8 to 12 h resulted in a decrease in particle size while the increase
in molar ratio of NH,OH to metal from 0.8 to 1.2 and temperature
from 45 to 55 °C did not have any consistent effect on the particle
size. The optimum conditions for synthesis were thus determined
according to these results.

3) All of the LiNi;5Co,;Mn,, 0, samples obtained in this study
exhibited clear XRD peak splits of 006/102 and 108/110 and a high
¢/a value, which indicates that the LiNiy3Co,;Mn,,0, materials

have a well-ordered hexagonal structure.

4) The calcination temperature heavily influences the structure
and the electrochemical performance of the samples. The results of
the electrochemical experiments indicate that the layered LiNijg
Coy;Mn,;0, cathode materials that were calcined at 800 °C for 16 h
possessed the highest initial discharge capacity of 193.7 mAh g ' at
a current density of 18.5mAh g ' in the voltage range from 3.0 to
4.3V with a good rate capability.

5) The CV curves showed negligible differences in peak inten-
sity and position in subsequent cycles after the 1% cycle, which indi-
cates that the LiNiyCoy;Mny,0, samples have excellent stability
during Li-ion intercalation and de-intercalation.
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