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Abstract The precursor of (Nig 15C0g.15Mng 7)CO3 has
been synthesized by a carbonate precipitation method,
which was used to prepare high-capacity cathode material
Li; »Nig.1,C0g.12Mng 560, for lithium-ion batteries. Car-
bonate precipitation was conducted using NH,HCO; solu-
tion as the precipitation reagent. Two different feeding ways
were adopted during the precipitation process. The physical
properties of the precursor and the resulting Li; ,Nig 15
Cogp 12Mny 560, were characterized in detail, and the electro-
chemical properties of the prepared Li; ,Nig 1,C0q.12Mng 5602
powers were evaluated. It was found that the structural and
morphological properties of the precursor and the final mate-
rial were effectively improved by the ordered addition meth-
od. Electrochemical studies confirmed that the Li; ,Nig 2
Coy.12Mny 560, synthesized by ordered addition method
exhibited a higher capacity of 287.3 mAh g ™', and the capac-
ity retention after 30 cycles was 90.5 %.

Keywords Lithium-ion battery - Cathode material -
Lithium-rich material - Carbonate precipitation - Ordered
addition method

Introduction

Layered lithium-rich transition metal oxides containing
manganese, nickel, and cobalt are currently receiving
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worldwide attention as a possible replacement for the
LiCoO, eclectrode of conventional lithium-ion cells [1-3].
These materials can be represented using either (1) struc-
turally integrated two-component solid solution notations
such as xLi,MnO;5-(1-x)LiMO, (M=Ni, Co, and Mn)
(layered layered in which the Li,MnO; component is
electrochemically activated above 4.4 V vs. Li/Li") or
(2) standard notation as Li;;,M; ,0, (M=Ni, Co, and
Mn) [4-7]. Several methods have been reported to
prepare Li;,,M; ,0, (M=Ni, Co, and Mn) cathode
materials, such as coprecipitation method [8-11], sol-
gel method [12, 13], spray drying method [14], molten
salt method [15], solid-state method [16], fast copre-
cipitation [17], etc. Among these methods, the coprec-
ipitation method is the most commonly adopted to get
phase pure oxide precursor with uniform and smaller
particle size. However, as precipitation agent and
complexing agent are mainly used to prepare the pre-
cursor with this method, the balance is difficult to
control, and the precipitation efficiency is low. On
the other hand, the performance of the materials is
strongly correlated not only to the synthesis methods
but also to the synthesis conditions. Therefore, it is
necessary to explore an appropriate preparation method
and optimize the process so that lithium-rich transition
metal oxides with good performance can be prepared.

In this study, a carbonate precipitation method was
attempted to prepare Li;»Nig 1,C0g 12Mng 560, (which
could be rewritten as 0.5Li2MHO3’O.5LiNi0A3COOA3Mn0A402)
cathode materials. The precursor, (Nij;5C0g 15Mng7)CO3,
was prepared using NH4HCO; solution as the precipitation
reagent. Two different feeding ways were adopted during
the precipitation process. The physical properties of the
precursor and the resulting Li; ;Nig 12C0q.12Mng 560, were
characterized in detail, and the electrochemical properties
of the prepared Li;,Nig 12C0q.12Mng 560, powers were
evaluated.
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Experimental
Synthesis of L11 lzNio.uCoO‘lenQSéOz

Li; ,Nig 1,C0g.12Mng 560, was synthesized by calcination—
crystallization process using carbonate precursor and lithi-
um carbonate as raw materials. The carbonate precursor
(Nig 15C09.15sMng 7)CO5 was synthesized in a continuously
stirred tank reactor via a carbonate precipitation process. The
precursor, (Nij 15Cog 15Mng 7)CO3, was prepared according to
the following methods: (a) stoichiometric amount of
NISO46H20, COSO4’7H20, and MHSO4'H20 (NI/CO/MII:
0.15:0.15:0.7, molar ratio) was dissolved in distilled water
with a concentration of 2.0 mol L™, respectively. The aqueous
solution of NiSO,4, MnSOy,, and CoSO,4 was pumped into a
continuously stirred tank reactor in sequence. At the same
time, NH,HCO5 solution (2.0 mol L") which was used as
the precipitation reagent was continuously fed into the reactor.
This method was named as ordered addition method. (b)
Stoichiometric amount of NiSO4 6H,O, CoSO4 7H,0, and
MnSO4-H,O (Ni/Co/Mn=0.15:0.15:0.7, molar ratio) was
dissolved together in distilled water with a concentration of
2.0 mol L', The mixed solution and a 2.0 mol L' NH4HCOs
solution were pumped into the reactor, respectively. This
method was named as mixed addition method. Except for
the feeding ways, the other experimental conditions were the
same. The temperature of the reactor was maintained at 50 °C
with continuous stirring for 12 h. The pH (7.5) value of the
precipitation solution was maintained via carefully controlling
the addition speed of the solutions. The precipitated powders
were filtered and washed and then dried at 105 °C for 5 h. The
obtained carbonate precursors were thoroughly mixed with a
3 at.% excess of a stoichiometric amount of Li,CO5 to com-
pensate for the calcining loss and then calcined at 950 °C for
10 h in air. The precursors (Nig 15C0q 15Mng 7)CO5; made from
the ordered and mixed addition methods were marked as a'
and b, respectively. The Lij ,Nij 12C0o¢ 1,Mng 540, material
made from the ordered and mixed addition methods were
marked as a and b.

Measurements

X-ray diffraction measurements of materials were carried out
on the Rigaku 2500 X-ray diffractometer using Cu-K« radia-
tion. The diffraction data were collected over the range 10°<
260 <80°. The chemical composition of the synthesized mate-
rials was determined by an atom absorption spectrophotometry
(AAS) (TAS990; Beijing Purkinje General Instrument, China).
The morphological characteristics of the samples were ob-
served by a JEOL JSM-5600LV scanning electron microscopy
(SEM). The active surface areas of the materials were mea-
sured by the Brunauer, Emmer, and Teller (BET) method with
the Beishide Instrument, Beijing, China. Tap densities were
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determined using the ZA-201 tap density meter (Liaoning
Instrument Research Institute Co., Ltd., Liaoning, China).

The cathode electrodes were prepared by mixing 80 wt%
active material, 10 wt% carbon black as conductive material,
and 10 wt% polyvinylidene difluoride binder in N-methyl-2-
pyrrolidone solvent. Then, the slurry was cast onto an aluminum
foil current collector, punched in the form of disks typically with
a diameter of 14 mm and then dried. The charge—discharge tests
were carried out using laboratory half-cell which consisted of a
cathode and a lithium metal anode separated by the Celgard
2400 polyethylene/polypropylene film. Cells were assembled
and sealed in an argon-filled glove box with the electrolyte of
1 mol L™ LiPFj dissolved in EC/DMC/DEC (1:1:1 by volume).
The charge—discharge tests were operated in the voltage range of
2.0-4.8 V with a constant current density of 15 mA g ' (0.06 C)
at room temperature on the LAND CT2001A battery test system
(Jinnuo Wuhan Co., Ltd., People’s Republic of China).

Results and discussion
Crystal structure properties

Figure 1 shows the X-ray diffraction (XRD) patterns of the
(Nig.15Co00.15Mng 7)CO;5 precursors prepared by different feed-
ing ways. All main characteristic peaks in each pattern were
coincided with the diffraction peaks of hexagonal structure
with a space group of R3¢ corresponding to MnCO3 (JCPDS
no. 44-1472), and no impurity-phase peaks exist. The peaks of
sample a' were relatively broad which is likely due to the small
grain size of the precursor particles [18], in agreement with the
SEM image.

Figure 2 shows the XRD patterns of the Li; ,Nig >
Cog.12Mng 560, samples synthesized by calcining the mixture
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Fig. 1 XRD patterns of the (Nig ;5C0g 15Mng7)CO;5 precursors synthe-
sized by different feeding ways: ordered addition method (a") and mixed
addition method (b")
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Fig. 2 XRD patterns of the Lij ;Nig 12C0g.12,Mng 560, samples synthe-

sized from different precursors: @ ordered addition method and » mixed
addition method

of the precursors and lithium carbonate. Most of the XRD
peaks in Fig. 2 were indexed with hexagonal x-NaFeO,
structure (space group, R3m ) except for the weak peaks
around 21° corresponding to integrated monoclinic Li;MnO;
phase (C2/m), originating from the ordering of Li" ion in the
transition metal layer [3]. Another observation in the XRD
patterns is the clear splitting of the (006)/(102) and (108)/(110)
peaks, indicating that the material has a well-organized lay-
ered structure [19]. No peak of any impurity phase is detected
in the XRD patterns, illustrating the high purity of the as-
synthesized Li; »Nig 1,C0g 1,Mng 560, material prepared by
these methods where the carbonate precipitation was conducted
using NH4HCO3 solution as the precipitation reagent.

The ratio (R) of 1(003)/1(104) is sensitive to the cation
distribution in lattice and the degree of cation mixing of
materials [20-22]. When the R value is higher, the degree of
cation mixing is lower. It was reported that the undesirable
cation mixing would appear when R is smaller than 1.2. In our
experiment, the R values of samples a and b are 1.701 and
1.432, respectively. The R value of Li; ;Nig 1,C0q.12Mng 5602
sample prepared by ordered addition method is higher than
that of the sample prepared by mixed addition method. In
addition, the diffraction peaks in Fig. 2(a) are more sharp and
narrow than those in Fig. 2(b). It reveals that the former has a
better layered structure than the latter, which implies that the
former might have better electrochemical performance. The
possible reason for the structure difference could be attributed
to the difference of the solubility product constants (K,) of
NiCOs;, CoCOj3, and MnCO;, i.e., KSPO\HCO3):6.6><1079,
K ,(CoCO3)=1.4x10"", and K (,(MnCO3)=1.8x10""". Ni*"
is relatively difficult to precipitate completely compared to
Mn** and Co®" because of the relatively larger value of
K ,(NiCOs3). In the ordered addition method, the precipitation

reaction started with the formation of NiCOj seed particles and
then dissolved reprecipitation according to the solubility equi-
librium of precipitation between NiCO3, CoCO3, and MnCO;
when CoSO,4 and MnSO,4 were pumped into the reactor in
sequence and ended with the production of homogeneous
particles of carbonate precursor with a chemical composition
close to the nominal one. While in the mixed addition method,
the carbonate precipitation reaction with Mn and Co dominat-
ed the whole reaction because of the relatively smaller value of
K (MnCO3) and K ;,(CoCO3), and then, the residual concen-
tration of NH; was high in the solution, which would result in
producing more nickel-ammonia complexes. This may result
in nonuniform sedimentation with the mixed addition method.
The assumption was confirmed by AAS results (Table 1)
which shows that the measured molar ratios of Ni/Co/Mn are
well in agreement to the intended composition for the sample
a', while those for sample b' are slightly deviated from the
target stoichiometry.

Morphology characteristics

The morphology of the precursors and the final Li; ,Nig 15
Cop.12Mny 560, samples is shown in Fig. 3. The particles of
precursor a' (Fig. 3(a")) have uniform structural morphology
and smooth crystal surface with narrow size distribution,
which is in agreement with the XRD result (Fig. 1(a")), while
the crystal size of sample b' (Fig. 3(b')) is bigger and is not as
uniform. The possible explanation is that the transition metal
ions were inconsistently precipitated easily due to the difference
of the solubility product constant (K ,) of NiCO3, CoCO3, and
MnCOs;. After lithiation, the particles of sample b exist with
some agglomeration. The morphology of sample a remains
almost the same as that of the precursor powder except for some
decrease in the diameter of the particle. This is consistent with
the measurement results of the surface area by the BET method,
1.14 m? g ' (sample a) and 0.81 m? g ' (sample b), and the tap
density of the samples a and b was 1.81 gecm > and 1.83 gem >,
respectively.

Electrochemical properties

Figure 4 shows the first charge—discharge profiles of the Li/
Li; »Nig 1,Cog 1,Mng 560, samples. As can be seen, all charge

Table 1 Elementary analysis of the precursors prepared by different
feeding ways: sample a', ordered addition method, and sample b', mixed
addition method

NNi CofiMn

Theoretical value 0.15:0.15:0.7
a' (0.148+0.001):(0.149+0.001):(0.703+0.001)
b' (0.146+0.001):(0.153+0.001):(0.701+0.001)
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Fig. 3 The SEM images of the
precursors prepared by different
feeding ways and the

Lij; oNig,12C00.12Mng 5602
samples calcined at 950 °C
(ordered addition method (a, a'),
mixed addition method (b, b))

plots are composed of a slope region and a long plateau. The
slope region (<4.5 V) is attributed to the extraction of Li" ions
from the LiNig 3Co3Mng 40, component with a concomitant
oxidation of Ni** and Co®". The long plateau, characterized
by a voltage plateau above 4.5V, is attributed to the removal
of Li,O from Li,MnO; [10, 11]. Other workers also reported
that the excess capacity originating at the 4.5 V plateau
resulted from the hybridization of O*~ 2p orbital and Mn*"
3d orbital [23]. The existence of the long plateau will ensure a
high capacity in the subsequent cycling. All cells had first
irreversible capacity. Some portion of the irreversible capacity
may come from the oxidation of the electrolyte since the onset
potential for the oxidation of electrolyte is at approximately
4.65 V, depending on the electrolyte composition. The large
irreversible capacity loss may be related to the extraction of
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Fig. 4 Initial charge/discharge profiles for Li/Li; ;Nig 12C0g1oMng 5602
cells at a specific current of 15 mA g ' and at a voltage window of 2.0—
4.8 V (a ordered addition method, » mixed addition method)
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Li,O followed by elimination of oxygen-ion vacancies from
the lattice during first charge, resulting in a lower number of
sites for insertion and extraction of Li" in the subsequent
cycles [24]. Further, detailed structural and phase transitions
associated with such lithiation—delithiation processes at higher
voltage (>4.4 V) are not fully understood yet [6].

The sensitivity of the initial capacity to the synthesis con-
ditions of the precursors is proved to be higher than the
sensitivity of common powder XRD method, though the most
substantial changes are indicated both by XRD and electro-
chemical capacity measurements. It can be seen from Fig. 4
that the discharge capacity of sample a (287.3 mAh g ') is
greater than the common value (~250 mAh g ') of Li-rich
transition metal oxide prepared by other methods [11, 25-28],
while the value of sample b (242.8 mAh g_l) is similar to the
common value. Moreover, the coulombic efficiency of sample
a is larger (75.76 %) than that of sample b (73.58 %).

Figure 5 shows the profiles of differential capacity (dQ/dV)
versus voltage (V) for the Li/Li; 5Nig 1,Cog 1.Mng 560, cells.
The cells from both samples a and b have large oxidation peak
(starting at 4.5 V) in differential capacity which corresponds to
the 4.5 V plateau in Fig. 4. From Fig. 5(b), three cathodic
peaks are evident on discharge curve. Although it is impossi-
ble to differentiate the reduction processes of the individual
Mn, Ni, and Co ions from the data, it is believed that the
reduction process at ~4.25 V may be associated with the
occupation of tetrahedral sites by lithium within the exten-
sively delithiated (lithium) layer and the lower voltage pro-
cesses between 3.0 and 3.6 V to the occupation of octahedral
sites [29]. Another cathodic peak below 2.75 V is consistent
with the lithiation of a chemically derived MnO, component
in the electrode. Such a voltage profile in Li/Li; ;Nig 15
Cog.12Mng 560, cell suggests that the layered structure
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Fig. 5 Differential capacity versus voltage for Li/Li; ;Nig 12C0g 12
Mnyg 560, cells in the voltage range of 2.0-4.8 V (a ordered addition
method, b mixed addition method)

transforms into a spinel phase during the charge process. This
may attributed to the nonuniform sedimentation with the
mixed addition method. Meanwhile, for the sample a, the
cathodic peak of the cell below 2.75 V does not emerge. All
the results indicate that the ordered addition method can
guarantee the impurity of Li; ,Nig 1,Cog 12Mng 560, because
of the difference of the solubility product constant (K,) of
NiCO;3, CoCOs, and MnCOs.

The rate performance for the Li/Li; 5Nig 12,C0g 1,Mng 560,
cells is shown in Fig. 6. As can be seen, the discharge capacities
of the sample a were higher than those of sample b at all different
C rates. Moreover, the difference in capacity between samples a
and b becomes greater as the discharge current rate is increased
from 0.06 to 1 C. The good rate performance is attributed to the
smaller particle size which shortens the migration path of lithium
[17,25]. However, further efforts are needed to improve the rate
properties.
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Fig. 6 The discharge capacities of Li/Li; 5Nig 12C0¢.12Mng 560, cells at
different rates in the voltage range of 2—4.8 V (a ordered addition method,
b mixed addition method)
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Fig. 7 Cycle performances of Li/Li; ;Nig 12C0g 12Mng 560, cells in the
voltage range of 2—4.8 V (a ordered addition method, » mixed addition
method)

Figure 7 presents the cycling performance of the Li/
Li; 5Nig.12C00.12Mng 560, cells. The cells were charged/
discharged at a 0.06 C rate over the first 30 cycles and at a
0.2 C rate over the following 70 cycles. As can be seen, when
cycled at 0.06 C, the discharge of sample a goes up and down
at a steady high capacity (260 mAh g '), whereas the discharge
of sample b has an unsteady lower capacity (190 mAh g ™).
The sample a delivers a capacity retention of 78.9 % after
100 cycles (30 cycles for 0.06 C and 70 cycles for 0.2 C),
which is substantially higher than that of the sample b
(65.9 %). The improved electrochemical characteristics may
be attributed to the enhanced structural stability reflected by the
higher R value, and the better layered structure of sample a is
shown in Fig. 2(a). As reported by Thackeray [30], high
crystallinity is essential to obtain good electrochemical prop-
erties and to maintain its structural integrity during cycling.
The slight fluctuation in the capacity versus the cycle number
plot is attributed to variations in the room temperature of the
laboratory in which the tests were conducted.

The differences in the electrochemical performance of the
Lil.2Ni0A12C00_12Mn0.5602 cathode can be attributed to the dif-
ferences in their physical and chemical properties such as the
crystal structure and morphology. In this study, by using the
ordered addition method with NH4HCOj solution as the precip-
itation reagent, the physical and chemistry properties of the
precursors and the Lij »Nig 1,C0q 12Mng 560, cathode material
were effectively improved, which results in the superior physical
and electrochemical properties for Lij 5Nij 1,C0g 1,Mng 5605.

Conclusions

An improved carbonate precipitation method was employed
to prepare the lithium-rich Li; ,Nig 1,Cog 1,Mng 560, cathode
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material. Carbonate precipitation was conducted using or-
dered addition method with NH,;HCOj5 solution as the precip-
itation reagent. The morphological and structural properties of
the precursor and the final Li; ,Nij 1,C0q 12Mny 560, cathode
material were effectively improved by the ordered addition
method. Electrochemical studies confirmed that the Li; ,Nig ;>
Cog.12Mny 560, synthesized by ordered addition method
exhibited a higher capacity of 287.3 mAh g ', and the capacity
retention after 30 cycles was 90.5 %. The results in this work
suggest a simple and effective way to synthesize the lithium-
rich cathode for rechargeable lithium batteries.
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