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Abstract: LiNijy3Coy;Mny;0, cathode was synthesized using transition metal acetates under different synthesis conditions.
Simultaneous thermogravimetric—differential scanning calorimetry—derivative thermogravimetric analysis was applied to
investigating the mixture of transition metal acetates. X-ray powder diffraction and charge—discharge test were adopted to
characterize the as-prepared LiNiggCog1Mny;0,. The mixture of transition metal acetates undergoes dehydration and decomposition
during heating. All the examined LiNi, 3Cogy;Mn, 0, samples have a layered structure with R3m space group. LiNiy3CoyMng 0,
samples prepared with different lithium sources under different synthesis conditions exhibit very different charge—discharge
performances. The sample synthesized via the procedure of sintering at 800 °C after heating lithium carbonate and transition metal
acetates at 550 °C achieves a highest capacity of 200.8 mA-h/g and an average capacity of 188.1 mA-h/g in the first 20 cycles at

0.2C.
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1 Introduction

Layered Ni-rich lithium oxide LiNiy3Coq;Mng;0,
is an attractive cathode material for lithium ion cells. It
possesses desirable characteristics of relatively high
capacity and rate capability and low cost in comparison
with the most used LiCoO, and LiNiygCo(,0, [1-4]. In
the preparation of the mixed transition metal oxide
LiNi;_, .Co,Mn.O,, a homogeneous mixing of Ni, Co
and Mn is preferred so that a preparatory precursor
synthesis is often carried out, and then a lithiation is done
to produce the aimed product. The liquid phase
co-precipitation and sol—gel method [5] are the most
common ways to fulfill the purpose. In a typical aqueous
phase method, sulfates or chlorides of the transition
metals, Ni, Co and Mn, are used as the elemental sources
and a carbonate or hydroxide is used to evenly
precipitate the transition metals [6,7]. The deposited
precursor is then mixed with a lithium source, such as
LiOH-H,0, Li,CO;, LiNO; and Li(CH;C0OO)-2H,0, and
thermally treated at last to derive the desired material.

A liquid method is capable of making precursor
particles with not only an even distribution of transition
metals but a favored morphology and particle size when
the experimental conditions are carefully controlled
[6,7]. However, this method is troublesome due to the
necessary but complicating aging, settling and repeated
filtering and washing. The lengthy procedure reduces the
production rate and efficiency and increases cost.
Furthermore, a chemical analysis is required of each
batch of precursor for the precise proportioning for final
lithiation. A solid state method is suitable for mass
production of cathode materials for lithium ion cells.
Meanwhile, the lithium source can be mixed with
transition metal sources in a strict stoichiometry at the
beginning. However, in mixing starting materials, the
transition metals cannot be distributed uniformly, which
will affect adversely the mass transfer in the subsequent
solid state reaction.

Herein, we introduce a strategy for addressing the
above issues which at the same time keeps the
advantages of the above methods to a great extent. The
homogeneity for the transition metals can be achieved by
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a two-grinding procedure. First, the transition metal
acetates are mixed and ground. The transition metals can
be well distributed in the mixture for the transition metal
acetates can be crushed more readily than their oxides or
hydroxides. Then, a calcination is done to dehydrate and
decompose the acetates. Due to the substantial gas
evolution in decomposition, the product exhibits a loose
and porous texture, which is beneficial to a second
grinding process for a more even distribution of
transition metals. A lithium source may be introduced in
the first grinding or mixed with the calcined product in a
precise stoichiometry for the fixed mass loss in the
pretreatment. In this way, the lengthy and troublesome
liquid method process is avoided, the even distribution of
transition metals is achieved, and the proportioning issue
is addressed.

2 Experimental

2.1 Simultaneous
scanning calorimetry—derivative
gravimetric analysis (TG-DSC-DTG)

The mixture of tetrahydrates Ni(CH3COO),4H,0,

Co(CH3C00),4H,0 and Mn(CH;CO0),4H,0 at a

molar ratio of 8:1:1 was examined with TG—DSC-TGA

on a NETZSCH STA 449F3 at 35—850 °C. The heating
rate was 10 °C/min and the high-purity inert gas flow
rate was 100 mL/min.

thermogravimetric—differential
thermo-

2.2 LiNiygCoy 1 Mny ;O, preparation

Four different procedures, A, B, C and D, were
applied for LiNiypgCo;Mn,;0, synthesis. For each
procedure, Li(CH;COO)-2H,0, Li,CO;, LiOH-H,O and
LiNO; were used, respectively, the transition metal
sources were the tetrahydrates, and the use of raw
materials was stoichiometric. In procedure A, the lithium
source and tetrahydrates were ground and sintered at
800 °C in an O, atmosphere for 24 h to produce
LiNiggCopMny 0, samples A;, A,, A; and Ay
(subscripts 1, 2, 3 and 4 refer to Li(HC;COO)-2H,0,
Li,CO;, LiOH'H,O and LiNO;), respectively. In
procedure B, the lithium source and tetrahydrates were
ground and calcined at 550 °C in air for 8 h, and the
calcined product was ground and sintered at 800 °C in an
O, atmosphere for 24 h to derive LiNiygCog;Mng;0,
samples B, B,, B; and By, respectively. In procedure C,
the tetrahydrates were ground and calcined at 550 °C in
air for 8 h, and the calcined product was ground with a
lithium source and sintered at 800 °C in O, atmosphere
for 24 h to prepare LiNiygCop;Mng;0, samples C,, C,,
C; and C,, respectively. Procedure D differed from
procedure C only in the calcining temperature of 700 °C
instead of 550 °C and the obtained LiNi,Coq;Mng 0,
samples were D, D,, D; and Dy, respectively. In all cases,

the heating rate was 3 °C/min and O, flow rate was
40 mL/min.

2.3 X-ray powder diffraction

As-prepared LiNijgCoy;Mng;0, was characterized
with X-ray powder diffraction (XRD) performed on a
Philips X-pert powder diffractometer in the range of
5-90° at a step of 0.02° with Cu K,, radiation.

2.4 Charge—discharge test

As-prepared LiNiggCopMny 0, was charged—
discharged in CR2025 coin cells. The electrolyte was
1 mol/L LiPF¢ in a mixed solvent of ethylene carbonate,
dimethylene carbonate and ethylmethyl carbonate at a
volume ratio of 1:1:1. The lithium disc was used as the
anode. A Celgard 2400 microporous polypropylene
membrane was used as the separator. LiNiygCooMny0,,
PVDF binder and acetylene black with a mass ratio of
8:1:1 were ground in N-methyl pyrrolidinone solvent and
the resultant slurry was evenly spread on an aluminum
foil. The wet cathode was dried at 120 °C under vacuum.
Cathode discs were punched for coin cell assembly. The
loading of LiNijgCoy;Mn, 0, was around 4 mg/cm2 in
each cathode. The coin cell was assembled in an argon
atmosphere glovebox. The charge—discharge test was
conducted galvanostatically on a LAND BTI-40 in
3-4.35V at 0.2C at room temperature.

3 Results and discussion

3.1 TG-DSC-DTG of mixed tetrahydrate acetates
Figure 1 reveals three successive mass loss steps on
the TG curve, 95.1-221 °C, 221-361.7 °C and
361.7-387.7 °C, and the corresponding mass loss rates
are 31.60%, 33.93% and 7.33%, respectively, with a total
loss of 72.86%. All the three steps are endothermic. The
first mass loss at 95.1-221 °C can be attributed to the
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Fig. 1 TG-DSC-DTG of mixture of Ni(CH;COO),4H,0,

Co(CH;C00),-4H,0 and Mn(CH3COO),4H,0 at molar ratio
of 8:1:1



1570 Zheng-wei XIAO, et al/Trans. Nonferrous Met. Soc. China 25(2015) 1568—1574

dehydration of crystallized water in the hydrates. In the
mixture of Ni(CH3;COO),4H,0, Co(CH3COO),"4H,0
and Mn(CH;COO),-4H,0 with a molar ratio of 8:1:1, the
theoretical content of crystalliferous water is 25.75%. As
a result, more mass than the crystalliferous water is lost.
The acetate admixture contains 80% nickel acetate
whose thermal response must be inherited by the former.
The additional loss at 95.1-221 °C can be ascribed to the
evolution of acetic acid from nickel acetate, resulting in
(1=x)Ni(CH3;COO),'xNi(OH), [8]. Both cobalt acetate
and manganese exhibit a similar
behavior [9,10]. Meanwhile, manganese acetate melts
above 80 °C.

The mass loss at 221-361.7 °C is caused by the
decomposition of the dehydrated intermediate. The
theoretical mass loss in this step is 44.34% if there is
only dehydration in the first step and the acetates are
converted into NiO, CoO and MnO, but the tested value
is only 33.93%, which can be imputted to the additional
mass loss in the first step at 95.1-221 °C and final mass
loss at 361.7—387.7 °C. The last endothermic response at
361.7-387.7 °C gives rise to a mass loss of 7.33%. When
nickel acetate was calcined in an inert atmosphere, a
reduction to Ni was found, but this was not observed
when the calcination was carried out in a H, or air
atmosphere [11]. Thus, the reduction to Ni is responsible
for the observed mass loss of 72.86% in TG—DSC-DTG,
which is greater than the theoretical 70.09% on the
formation of NiO, CoO and MnO.

The sample retains its mass after 387.7 °C, and no
more thermal effects are observed to 850 °C, which
indicates that the residue is stable in state and transition
metal oxides maintain their phases. From above, it is
clear that the admixture of the tetrahydrates undergoes
dehydration, decomposition and Ni formation during
heating in an inert atmosphere. As the air atmosphere is
used in pretreatment, the reduction does not take place
and MnO is oxidized to MnQO,. The tetrahydrates lose
70.38%, 69.43% and 69.29% by mass when heated to
387.7, 550 and 700 °C, respectively, in air, which agree
with the theoretical values of 70.09%/69.45% on NiO,
CoO and MnO/MnO, formation. Thus, a mixture of
transition metal oxides is obtained by calcining the
tetrahydrates in air to above 387.7 °C through the
successive steps of dehydration and decomposition.

acetate may

3.2 Physical properties of as-prepared LiNip3Coq-

Mn, 0,

Eight samples were examined by XRD and the
results are given in Fig. 2. As shown in Fig. 2(a), the
main peaks of (003) and (104) of each pattern are located
at the same degrees as the reported layered
LiNiygCoy Mny 0, [2,5-7]. The layered structure is
confirmed to be R3m space group as in a-NaFeO,. No
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Fig. 2 XRD patterns for as-prepared LiNiggCog;Mng;0,
samples (a), magnified (108)/(110) (b) and (006)/(102) (c)

impurity phases consisting of lithium, nickel, cobalt
and/or manganese are revealed, indicating a high
purity for the as-prepared LiNiggCoy Mng,0,. The
characteristic peaks in the diffraction pattern are sharp,
suggesting a high degree of crystallinity for LiNiysCoy -
Mng 0, crystals. It is, therefore, illustrated that the
starting materials and procedures are suitable for
preparation of pure and well-crystallized LiNiygCoq -
Mng0,. Figures 2(b) and (c) show that most samples
exhibit a well-split (108)/(110), but very few have a
well-split (006)/(102).

The ratio between /g3, and /¢4y reflects the cation
mixing between Ni*" and Li" which reside in 3a and 3b
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sites, respectively, in an ideal layered structure. A higher
value for [o3y//104) endows a lower lattice disorder, and
vice versa. Actually, in Ni-rich LiNiygCoy;Mny ;0,, there
is definitely a high cation disorder. The elimination of
this defect needs a n(Co)/n(Ni) ratio greater than 1:1 and
a careful heating and cooling in an O, atmosphere for
cation ordering in LiNi,Mn.Co,_,..O, [12,13].

Several parameters of the samples derived from
their XRD data are listed in Table 1. Different lithium
sources and procedures lead to LiNiygCog;Mng;0, with
differences in structure parameters. B, and D, exhibit the
highest /o3)/[(104y and in other words best layeredness
and lowest cation disorder, but D, has unsplit (108)/(110)
and (006)/(102). A;, B; and C; display well-split
(006)/(102) and (108)/(110), B, has the lowest Z3)/(104)
but well-split (108)/(110). All the samples prepared from
transition metal acetates exhibit very low [Zo3//104)
values in comparison with those reported [2,5—7], which
merits further understanding. A possible reason is that the
sintering atmosphere is not oxidizing enough to oxidize
Ni** [6].

Table 1 Structure parameters of LiNijgCop;Mng 0, samples
(Y: split, N: unsplit)

Sample  Zi003/Z104) (108)/(110) (006)/(102)
Ay 0.812 Y Y
A, 0.943 N N
B, 1.023 Y Y
B, 0.789 Y N
C 0.962 Y Y
C, 0.959 Y N
D, 0.947 Y N
D, 1.024 N N
3.3 Charge-discharge behavior of as-prepared

LiNiy §C0y1Mng 0,

The charge—discharge performance and capacity
retention of the LiNijgCog;Mny;0, samples are
compared in accordance with the lithium source used, as
shown in Fig. 3. All the charge—discharge profiles are
indicative of one phase lithium extraction—insertion in
3-435 V for the as-prepared cathode. The initial
capacities are 166.8, 168.1, 191.3 and 142.2 mA-h/g, the
highest capacities are 172.8, 168.1, 191.3 and
149.2 mA-h/g, the average values are 157.8, 154.6, 173.4
and 139.5 mA-h/g, and the capacity retentions are 88.3%,
82.6%, 84.7% and 92.1%, in the first 20 cycles for A, By,
C, and D,, respectively. A; and B,; exhibit similar
performance, which can be attributed to the
Li(CH3COO)-2H,0 melting at 56 °C and seeping evenly
in the mixture of transition metal acetates. Thus, a
second grinding process fails to further improve the

electrochemical behavior of the final product. In this
group, C; exhibits the best electrochemical performance,
the smallest polarization in discharge and the highest
capacities. As a result, a low temperature treatment of the
tetrahydrates and a subsequent lithiation using
Li(CH;COO0)-2H,0 result in LiNiygCog;Mng;0, with a
relatively high /3)//(104) value and well-split (006)/(102)
and (108)/(110), giving rise to a good electrochemical
behavior. D, displays the worst performance due to the
high temperature pretreatment of the tetrahydrates at
700 °C. This high temperature treatment may lead to
agglomeration, which is unfavorable for mass transfer in
lithiation.

A,, By, C, and D, exhibit initial capacities of 90.3,
183.6, 160.8 and 157.4 mA-h/g, highest capacities of
91.4, 200.8, 163.8 and 160.3 mA-h/g, average values of
80.6, 188.1, 161.7 and 152.7 mA-h/g, and capacity
retentions of 84.8%, 95.5%, 99.6% and 93.3%,
respectively, in the first 20 cycles. C, and D, have similar
initial and highest capacities, but the former has a higher
average capacity and better capacity retention. Therefore,
it is shown again that a higher temperature treatment of
the tetrahydrates prior to lithiation impairs the
electrochemical property of LiNij3Coy;Mngy;0,. B,
shows a much better performance than A,, indicative of
the second grinding process being capable of greatly
improving  the  electrochemical  behavior  of
LiNiygCoy Mny0,. Li,CO; has a melting point of
723 °C and is more stable than the tetrahydrates. While
the acetates dehydrate and decompose, Li,CO; may
segregate to a certain extent. A second grinding process
is just appropriate for addressing the issue.

A;, B;, C; and D; deliver initial capacities of 144.7,
151.9, 176.5 and 173.8 mA-h/g, highest capacities of
179.1, 197.0, 180.9 and 182.1 mA-h/g, average capacities
of 155.2, 150.4, 148.6 and 151.0 mA-h/g, and capacity
retentions of 92.1%, 85.6%, 68.3% and 73.7%,
respectively, in the first 20 cycles. The average capacities
achieved by the 4 samples synthesized by using
LiOH-H,O are very similar and lower compared with
most of those exhibited by the samples prepared with
Li(CH3CO0O)-2H,0 and Li,CO;. LiOH'H,O has a
melting point of 471 °C and is more basic than the other
three lithium sources and its reaction with transition
metal oxides in sintering is different. B; has a highest
capacity of 197.0 mA-h/g but its capacity fade is marked
on cycling.

Neither A, nor B4 demonstrates an electrochemical
capacity in 3—4.35 V, and the research for finding the
reasons is underway. In the first 20 cycles, C4 and D, are
observed to have initial capacities of 145.1 and 155.9
mA-h/g, highest capacities of 153.6 and 157.3 mA-h/g,
average capacities of 147.6 and 141.0 mA‘h/g, and
capacity retentions of 94.1% and 79%, respectively.
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Under the current experimental conditions, the adoption
of LINO; as a lithium source for LiNiysCoy1Mng;0,
synthesis is not appealing, though it is successfully used
in other cases [1]. C4 has a better cyclability than Dy,
reaching the same conclusion that a very high
temperature pretreatment of the tetrahydrates is
unfavorable for synthesizing LiNiygCoy;Mng;0, with
superior electrochemical performance.

The adoption of LiOH-H,O or LiNO; cannot
achieve LiNijgCoyMng 0, with high capacities in the
work, which by no means excludes the possibility of
using the two lithium sources to produce high-quality
LiNig3Co¢1Mng ;O,. Among all the samples, A, exhibits
a very inferior electrochemical performance due to the
possible lithium segregation in sintering, leading to
unsplit  (006)/(102) and (108)/(110), which is an
indication of inferior layeredness. Though it has the
lowest cation order, B, shows the highest capacities,
which is contrary to Ref. [7]. In fact, even
cation-disordered cathode materials have very good
electrochemical performance [14]. B; shows a
comparatively high Zo3//104) value and well-split
(108)/(110) and (006)/(102) but its electrochemical
performance is not superior. The reason is that the
layeredness is not the sole factor determining the
electrochemical behavior of LiNiy3CoyMng;0,. Other
parameters, such as conductivity and morphology, may
greatly affect the performance of the cathode [4]. More
detailed reasons need to be revealed by other modern
analysis tools.

The two procedures, a low temperature pretreatment
of transition metal acetates followed by a lithiation using
lithium acetate at an elevated temperature and a
pretreatment of lithium carbonate and transition metal
acetates at a low temperature and a second sintering at a
high temperature, are capable of synthesizing
high-capacity LiNiy3Coy;Mng;0,. When LiOH-H,O is
not used, the two steps of a pretreatment at a low
temperature and a sintering at a high temperature are
preferred for LiNiygCogMny 0, synthesis. More work
should be done to know the reasons why the use of
LiOH-H,O0 leads to exceptions.

One phenomenon worth noting is the evident

capacity fade for all the samples synthesized in this work.

Actually, the worst drawback of  Ni-rich
LiNiygCoyMny 0, is its cycling instability. Mechanisms
for LiNiygCog1Mng 0, failure include phase transition,
side reactions between Ni'" and electrolyte, formation of
inactive and low conductivity NiO phase on the surface
of LiNiygCogMny 0, particles and O, evolution at a
high charge cutoff voltage [15—17]. Strategies, such as
doping, coating, morphology engineering, and so on, are
effective to tackle these problems. Based on the high
capacities achieved by C; and B,, the subsequent work is

worth carrying out to optimize the involved process
parameters and adopt strategies to stabilize the
electrochemical performance of the Ni-rich cathode for
practical use.

4 Conclusions

1) Well-crystallized and layered LiNiygCoo;Mng 0,
was synthesized by using transition metal acetates and
different lithium via different synthesis
procedures. The mixture of the transition metal acetates
is dehydrated and decomposed successively during
heating. All the as-prepared LiNiygCog;Mngy;0, exhibit
an unusual low value for Jg3y//104). The lithium source
and synthesis procedure greatly affect the charge—
discharge performance of the final product.

2) A pretreatment of transition metal acetates at
550 °C followed by a lithiation using lithium acetate at
800 °C resulted in LiNiygCog;Mng 0, showing a highest
capacity of 191.3 mA'h/g and an average of
173.4 mA-h/g in the first 20 cycles at 0.2C. Through
preheating at 550 °C, grinding and sintering at 800 °C,
the mixture of lithium carbonate and transition metal
acetates is converted into LiNiygCog;Mny 0, exhibiting
a highest capacity of 200.8 mA-h/g and an average of
188.1 mA-h/g in the first 20 cycles at 0.2C.

3) Under our experimental conditions, the use of
LiOH-H,0O or LiNO; fails to achieve high-capacity
LiNigCog1Mng;0,. Except when LiOH-H,O is used, the
two steps of a low temperature pretreatment and a high
temperature sintering are preferable for LiNiygCoq -
Mn, ;0, synthesis. Transition metal acetates are suitable
for the synthesis of high-capacity LiNiggCoyMny;0,.
The cyclability of the as-prepared LiNiggCog;Mng 0,
must be greatly improved by optimization of synthesis
conditions and use of improving strategies for
application.

sources
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