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Abstract: Spherical and homogeneously mixed metal hydroxide NiygCogyMng;(OH), precursor was successfully synthesized by
co-precipitation method in a simple and small vessel with the volume of 1 L. The conditions of synthetic process including amount of
chelating agent, stirring speed and temperature were studied. LiNiygCoy1Mng;O, samples were obtained by calcinating the
precursors. The crystal structure, morphology and electrochemical properties were investigated by X-ray diffraction (XRD), scanning
electron microscopy (SEM), charge—discharge test, AC impedance and cyclic voltammetry. In the voltage range of 2.8—4.3 V, the
initial discharge capacities of LiNiggCoy;Mng 0, at 0.1C and 1C rates were 199 and 170 mA-h/g, respectively. After 80 cycles at 1C,
the discharge capacity retention was 92%, suggesting its promising application as the cathode material for Li-ion batteries.
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1 Introduction

Layered LiNi;—,,Co.Mn,O,(LNCM) exhibits high
capacity, good cycling stability and low cost, and has
been considered to be a promising cathode material for
automobile applications such as plug-in hybrid vehicles
(PHEVs) and electric vehicles (EVs) [1-3]. Among these
layered materials, LiNiysCo, Mn, 0, shows a relatively
high capacity than LiNi;;3Co;,3Mn,;;0, and LiNiyCoy,-
Mny,0, due to the high content of Ni which is the main
active redox species (Ni*Ni*") in the host
structure [4—6].

Great efforts have been made toward the synthesis
of Ni-rich materials [7,8]. Previous work proved that it is
difficult to prepare high amount of Ni contented
compounds, partly due to the sensitivity to synthesis
condition. The synthesis process needs to be operated
under stable environment with precise control, and there
have been some reports that high Ni-content spherical
material can be successfully synthesized by using
adjusted reactors with large capacity [9,10]. However,
there is no report that high Ni-content spherical
composite materials with good performance can be
synthesized by using simple and small reactors.

In this work, high Ni-content precursors were

synthesized in a relatively simple and small reactor with
capacity of about 1 L. The synthesis conditions including
stirring speed, temperature and amount of chelating
agent have been investigated. After co- precipitation,
spherical and homogeneously mixed metal hydroxide
NipgCop1Mng ;(OH), were successfully synthesized.
Then LiNipgCopMngy;O, with good electrochemical
performance was synthesized from the precursor by
calcination under oxygen atmosphere.

2 Experimental

2.1 Sample preparations

The progress of preparing NipgCoyMny(OH),
is graphically presented in Fig. 1. NiSO46H,0,
CoSO47H,0 and MnSO4,H,O were used as starting
materials and were dissolved in distilled water in a mole
ratio of n(Ni*"):n(Co*"):n(Mn>)=8:1:1, and the total
metal ions concentration is 1 mol/L. Subsequently, this
solution was slowly pumped into a reactor (1 L) with
continuous  stirring under nitrogen atmosphere.
Simultaneously, a 2 mol/L NaOH solution and an
appropriate amount of NH4OH solution as chelating
agent were also pumped into the reactor together. After
that, the precipitate was filtered and washed several times
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Fig. 1 Experimental procedure and apparatus

with distilled water to remove the residual ions (Na’,
SO?[ and other ions). The precipitate was then dried at
80 °C overnight. The concentration of the solution, pH
(the pH value was controlled at 11.25), the amount of
NH,OH, stirring speed and temperature in the reactor
were carefully controlled. The obtained NiygCoy Mnyg ;-
(OH), precursor was mixed with LiOH-H,O in a mole
ratio of 1:1.05 and thoroughly ground. Then, the mixture
was sintered at 480 °C for 5 h followed by at 750 °C for
15 h in flowing oxygen atmosphere.

2.2 Sample characterization

X-ray diffraction (XRD) was carried out with a
diffractometer D/max 2550 X (Rigaku, Japan), using Cu
K, radiation (4=0.154056 nm, voltage 40 kV, and current
300 mA), with a step size of 0.02° and a recorded range
from 10° to 80°. The SEM images and elemental
mapping of the particles were observed with scanning
electron microscope (SEM, JEOL, JSM-5600LV).

2.3 Electrochemical performance evaluation

The electrodes for electrochemical studies were
fabricated from a mixture of the active material, super P
and poly(vinylindene fluoride) at a mass ratio of 8:1:1.
The mixture was dispersed in N-methyl pyrrolidinone
(NMP) and stirred to form viscous slurry, which was
then coated onto Al foil using a doctor-blade. After
drying at 120 °C for 12 h, the film was punched into
disks with a diameter of 12 mm. Then, the disks were
vacuum dried at 60 °C for 12 h, cooled and transferred
into an argon-filled glove-box, followed by being
assembled into CR2025 coin-type cells with a negative
electrode of Li foil and electrolyte (1 mol/L LiPFs in
m(EC):m(EMC):m(DMC)=1:1:1). The charge—discharge
tests were implemented between 2.8 and 4.3 V at a
desired rate (1C corresponds to 200 mA/g). Before
cycling tests, all the cells were sequentially activated at
0.1C, 0.2C and 0.5C for two cycles, respectively, and

mixed solution

then cycled at 1C rate in the following 100 cycles at
25 °C. Cyclic voltammogram (CV) measurements were
done by a CHI660A electrochemical workstation
between 2.8 and 4.3 V at a scan rate of 0.1 mV/s. AC
impedance was tested on the same electrochemical
workstation over the frequency range of 0.01 Hz to
100 kHz.

3 Results and discussion

3.1 Optimization of conditions  of
Nij.5C09.Mny ;(OH),

The spherical NiygCoy1Mng;(OH), precursor with a
very homogeneous distribution of Ni*", Co*" and Mn**
on the atomic scale can be synthesized via the
co-precipitation method [9,11-14]. And it is easier to
synthesize LiNiggCop1Mngy;0, from NijgCop;Mng -
(OH), precursor because they share very similar layered
structure which has been indicated by the X-ray
diffraction patterns [6,12]. During the synthetic process,
the pH, stirring speed, temperature and amount of
chelating agent are crucial factors [11-14]. In this
research, series of experiments were operated by
changing three critical factors including different
concentrations of NH,;OH, stirring speeds and
temperatures. And five representative experiments were
picked out and listed in Table 1 to illustrate the effects of

synthesis conditions on the physical and electrochemical

synthetic

Table 1 Preparation conditions of NiggCog;Mng;(OH),
powders

Concentration of ~ Temperature/ Stirring
Sample ~1 -
NH,OH/(mol-L ") °C speed/(rmin )
S 1 55 600
S, 1 55 700
S3 2 55 600
S4 2 50 600
Ss 2 58 800




Yue HUANG, et al/Trans. Nonferrous Met. Soc. China 25(2015) 2253—2259 2255

properties of the cathodes. NiygCop;Mng ;(OH), samples
which were prepared under different conditions were
labeled as S;(i=1, 2, 3, 4, 5).

The pH value might change the composition of
materials by affecting the formation of manganese
compounds [15,16]. For example, excess of alkali during
precipitation reaction facilitates the formation of some
kinds of manganese oxides, so the pH value plays an

important role to decide the purity of metal hydroxide [9].

Based on the former experiments (which are not shown
here), the value of pH is 11.25 [12].

Figure 2 shows the SEM images of the
NiggCoo.1Mng ;(OH), powders of S;, S,, S;, S4 and Ss,
prepared at different conditions listed in Table 1.

Speeding up stirring rate can intensify the collision
not only between the particles themselves but also
between the particles and the vessel wall. That is
beneficial to forming uniform and homogeneous
spherical particles. Compared with sample S;, sample S,
was prepared at higher stirring speed (700 1/min), which

suppressed the irregular agglomeration of the particles.

It is well known that NH; molecules play an
important role on promoting the formation of
NiggCop.1Mng ;(OH), powders. Single phases of Ni(OH)j,
Co(OH), or Mn(OH), would form and exist as impurity
phase in the final product if the chelating agent of
NH,OH was not employed [17]. Samples S; and S;
were prepared with different concentrations of NH,OH
as described in Table 1. With a low concentration of
NH,OH (see S;), irregular particles result in serious
agglomeration due to the existence of a lot of vacancies
among particles and the bad fluidity of the powders.
With a higher concentration of NH;OH (sample S;), the
particles become homogenous, small and quasi-spherical.

High temperature is beneficial for the formation of
Mn contained hydroxide, however, when the temperature
is higher than 60 °C, Mn(OH), tends to be oxidized to
MnO(OH) [9]. The SEM images of the samples S; and
S4 show that comparatively higher temperature facilitates
the growth of secondary particles. As shown in Fig. 2,

Fig. 2 SEM images of NiygCoy 1 Mng ;(OH), powders prepared at different conditions: (a) Si; (b) S,; (¢) S3; (d) Ss; (e, ) Ss
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sample S5 prepared with higher temperature (58 °C),
higher stirring speed (800 r/min) and high concentration
of NH,OH (2 mol/L) exhibits more uniform morphology.
Under this condition, the particles are nearly spherical in
shape. This result is consistent with the previous studies,
that relatively high temperature and stirring speed
with appropriate amount of NH,OH and value of pH
facilitate the formation of uniform and spherical
particles [9,10,12].

3.2 Preparation of LiNiy3Coy.;Mng;0,

Figure 3 displays the XRD patterns of the five
LiNiggCo Mny 0, samples synthesized from the
precursors S; (=1, 2, 3, 4, 5). LiNig3CoMny 0,
samples were labelled as S;(i=1, 2, 3, 4, 5) in order to
distinguish from the corresponding precursors. The
results reveal that all peaks are indexed as hexagonal
a-NaFeO, structure with a space group of R3m and no
extra diffraction peaks exist. As can be seen, all the XRD
patterns show clear splits between the 006/012 and
108/110 peaks, which means that the materials have
obvious hexagonal structure [6,18].
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Fig. 3 XRD patterns for LiNijgCog;Mng;0, samples prepared
at 750 °C

3.3 Electrochemical properties of LiNiysCop;Mng;0,

materials

Figure 4(a) exhibits the initial charge—discharge
curves of the synthesized LiNiy3Cop;Mng;0, samples at
a current density of 0.1C at room temperature. All the
cells show very smooth curves. However, different
samples deliver different discharge capacities. The initial
discharge capacities for sample S to S5 are 174, 164,
180, 187, and 199 mA-h/g, respectively. And the
corresponding coulombic efficiencies are 78%, 81%,
82%, 87% and 86%, respectively.

Figure 4(b) presents the cycle performance of the
obtained LiNiygCoy Mn,;0, samples at 1C at room
temperature. The discharge capacities of all the samples
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Fig. 4 Initial charge—discharge curves (a) and discharge
capacities as function of number of cycle (b) in voltage range
of 2.8-4.3 V at 1C rate at 25 °C of LiNij gCo, ;Mng 0,

tend to decrease slowly with the increase of the cycle
number. The capacity retentions for samples S} to S are
94%, 95%, 93%, 89% and 92% after 80 cycles,
respectively. Sample S} exhibits the highest capacity
retention but low initial capacity. Considering both
capacity and capacity retention rate, sample S5 owns
better electrochemical performance than the others.

Here, sample S was picked up to examine the
composition and the uniformity on the surface of the
particles by using energy dispersive X-ray spectroscopy
(EDX). It is seen from Fig. 5 that the Ni, Co and Mn
elements are uniformly distributed on the particles’
surface. Moreover, it can be found that the spherical
shape and the size of secondary particle are maintained
after calcination (Fig. 5(b)). The mole ratio of
n(Ni):n(Co): n(Mn) is nearly 8:1:1, which is consistent
with the initial designed composition. The result also
proves that homogeneously mixed metal hydroxide
Nip §Cop.1Mng 1(OH), is synthesized.

Figure 6 shows the rate capacity of sample S
between the voltage of 2.8—4.3 V. The cell was cycled at
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0.1C 0.2C, 0.5C, 1C, 2C and 5C rates sequentially with
10 cycles for each current density. The cell delivers
discharge capacities of 196, 185, 175, 163, 152 and
127 mA-h/g at 0.1C, 0.2C, 0.5C, 1C, 2C and 5C rates,
respectively. As seen in Fig. 6(b), after being cycled at
5C, the capacity shows no capacity fading when the
current density was back to 0.1C.

Electrochemical impedance spectroscopy (EIS) was
measured after different cycles at charge state (Fig. 7(a)).
The Nyquist plots are fitted using the equivalent circuit
model (inset Fig. 7(a)) and the fitting parameters are
listed in Table 2. Ry stands for surface film impedance
and R stands for electrolyte/oxide reaction resistance.
This model includes the Ohmic resistance (R.) of the cell,
the surface film impedance (Ry//CPEy), electrolyte/oxide

reaction resistance (R.//CPEy), and the Warburg
(a) Ni
Ni
Mn
Q Co|

0 4 8 12
Energy/keV

impedance (Z,). Table 2 shows that the surface film
resistance is nearly stable and electrolyte/oxide reaction
resistance gradually increases upon further cycling. The
stability of Ry is due to the stable solid—electrolyte
interface (SEI) film which was formed on the surface of
the electrode after activation. The subsequent continuous
increasing in R, confirms that the impedance increases
slowly with the increasing of cycles.

Cyclic voltammetries of the sample S§ between 2.8
and 4.3 V at a scan rate of 0.1 mV/s for the first, second
and third cycle were carried out to investigate the
structural stability of LiNiygCoy Mng;0,, as shown in
Fig. 7(b). It can be seen that three redox couples exist in
the cyclic voltammogram curves, a sharp oxidation peak
and two secondary peaks, illustrating that phase
transitions exist from hexagonal to monoclinic in the

Fig. 5 EDX spectrum (a), SEM image (b) and elemental mappings (c—f) of sample Sj
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Fig. 6 Charge—discharge curves at different rates (a) and rate capacity curves (b) of sample S;s
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Fig. 7 Nyquist plots after different cycles (a) and cyclic voltammogram curves (b) of sample Sj

Table 2 Impedance parameters for sample S; recorded after
different cycle numbers

Cycle number R/Q R /Q
1 82 200
10 80 683
50 100 855
100 75 918

voltage range of 2.8—4.3 V [19,20]. It is clearly shown in
Fig. 7(b) that the major anodic peak shifts from 3.865 V
at the first cycle to 3.793 V and 3.784 V at the second
and third cycle, respectively, while their corresponding
redox reaction gaps are 0.167, 0.095 and 0.086 V.
However, there is no obvious difference in the cathodic
peaks (3.698 V). This phenomenon may be partially
attributed to the cation mixing in the first cycle [12].
After the first cycle, the curves of the second and third
cycle almost overlap. This demonstrates the good
reversibility of Li" ions during intercalating and
and the high

de-intercalating in  compound

electrochemical performance.
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4 Conclusions

1) Spherical and homogeneous NigsCoy;Mng;(OH),
were successfully synthesized in round bottom flask with
four necks (1 L) by co- precipitation method.

2) The as-prepared LiNipgCo;Mng;0, electrode
shows a good cycling stability which exhibits discharge
capacity of 199 mA-h/g at a current density of 20 mA/g,
and initial discharge capacity of 170 mA-h/g at 1C rate
with capacity retention of 92% after 80 cycles, as well as
excellent rate capability.

3) These results indicate that high-performance
LiNiggCog 1 Mny O, cathode materials can be synthesized
in small reactor by co-precipitation method, and this is a
simple but efficient synthesis route for high Ni material.
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