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Abstract Spherical LiNiO,@LiCoO, as cathode material
for lithium ion batteries was synthesized by firing the
mixture of [B-NiOOH@B-CoOOH and LiOH at low
temperature in air atmosphere. The effect of synthesis
conditions on the structure of the resultant samples was
investigated by X-ray diffraction, scanning electron micro-
scope, and energy dispersive spectroscope. Spherical
LiNiO,@LiCoO, obtained at 600 °C for 24 h exhibited
best layered hexagonal structure and remained core-shell
property. Electrochemical test demonstrated that LiNiO,(@-
LiCoO, had high initial discharge capacity of 181.4mAhg ",
better cycle, and storage stability than pure LiNiO, prepared
from spherical 5-NiOOH.
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Introduction

LiNiO, is one of the most promising cathode materials for
lithium ion batteries due to its lower cost and higher
capacity in comparison with LiCoO, which has been
widely utilized in the commercial lithium ion batteries [1,
2]. However, some problems of LiNiO,, such as difficult
preparation, instability during the charge—discharge cycle,
and storage, need to be solved for its commercialization
[3].

The traditional synthesis of LiNiO, is usually use of
bivalent nickel salt and lithium salt at high temperature in
oxygen atmosphere due to the difficulty of oxidizing
bivalent nickel to form layer-structured LiNiO, [4].
However, stoichiometric LiNiO, with good electrochemical
property is hard to obtain and unstable at high temperature
[5]. Furthermore, it is not convenient to produce LiNiO, in
large scale if oxygen gas is necessary during the preparation
process. Recently, LiNiO, with excellent layered structure
was successfully prepared at low temperature even in air
atmosphere when trivalent nickel oxide NiOOH was used
as precursor [6—8].

To improve the electrochemical performance and
stability of LiNiO,, both doping and coating have been
intensively investigated. Among the dopants, Co is almost
the best one to prepare LiNi;Co,O, with attractive
performance [9-11]. On the other hand, electrochemical
active coating is very attractive. LiNiysMng sO, was re-
ported as coating covered on the spherical Li(NiggCog ;
Mng ;) O, and LiNijgCo¢,0,, resulting in a core-shell
structure with outstanding electrochemical performance
and thermal stability [12-14]. Co-coated LiNiO, was
prepared by Ni(OH), coated with Co(OH), as precursor,

@ Springer



1118

J Solid State Electrochem (2010) 14:1117-1124

CoOOH
K

JIL 18 19 20 21 4 NiOOH@CoOOH
-—JOOK\‘/OZ\ T i -
T T T

10 20

Intensity

NiOOH

0

T T T T T T T T T T

30 40 50 o 60 70 80 90
Scattering angle / 26" Cu Ko

Fig. 1 XRD patterns of NiOOH@CoOOH and NiOOH

which showed better electrochemical properties than
LiNiO, and Co-doping LiNiO, [15].

Here, we prepared LiNiO,@LiCoO, from spherical
NiOOH@CoOOH precursor at low temperature in air
combing the advantages of NiOOH as precursor and core-
shell structure with active Co coating modification. The
preparation conditions were optimized, the electrochemical
and storage performance of LiNiO,@LiCoO, were also
investigated.

Fig. 2 SEM images of [-
NiOOH(a and al) and (-
NiOOH@,3-CoOOH(b and b1)
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Experimental

Spherical NiIOOH@CoOOH was prepared similar to our
previous work [16] by adding CoSO, solution containing
commercial spherical §-Ni(OH), powders into 1 M KOH
and ammonia solution at 60 °C (the molar ratio of Ni and
Co was 85:15), followed by adding excess amount of
K>S,05. After reaction, the black product was washed and
dried at 60 °C. For comparison, spherical NiOOH was
prepared by adding only spherical 5-Ni(OH), powders and
excess amount of K,S,0gz into 1 M KOH solution at 60 °C
without CoSO,4. The mixture of NiOOH@CoOOH and
LiOH salt with a molar ratio of Li/(Ni+ Co)= 1.05 was
heated at different temperatures and times in air in order to
optimize the synthetic condition of LiNiO,@LiCoO,.

The phase structure of samples was identified by X-ray
diffraction (XRD) measurements. It was carried out on a
X'Pert PRO X-ray Diffractometer (CuK, radiation, A=
1.540598 A) with scan step of 0.008° (20) for 5 s at
40 kV and 30 mA. Morphology and metal content of
samples were observed using a LEO1530 Field Emission
Scanning Electron Microscope (SEM) with Oxford Instru-
ment energy dispersive spectroscope (EDS). The total
oxidation state of Ni and Co in the products was analyzed
by iodometry and EDTA titration. Typically, 100 mg of the
product was mixed with 2 g of KI and added into 0.5 M
H,SO, solution. The solution was then placed in the dark
for 1 h, and the I, produced from the nickel and cobalt
reduction was titrated with 0.1 M Na,S,05 using starch as
an indicator. 10% NH; solution was added to neutralize the
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Fig. 3 EDS image of (-
NiOOH@3-CoOOH particle

excess acid, and NH4CI/NH; buffer solution was added
(pH=10) as well. The total amount of nickel and cobalt was
titrated with 0.1 M EDTA using murexide as an indicator.

The electrochemical performance of the samples was
measured using CR2025 coin cells. The cathode was
prepared by mixing 85% of LiNiO,@LiCoO, or LiNiO,
with 10% carbon black and 5% polyvinylidene fluoride.
The lithium metal was as anode, and Celgard 2300 film was
as separator. The electrolyte consisted of a solution of 1 M
LiPF¢ in a mixture of ethylene carbonate/dimethyl carbon-
ate/diethyl carbonate (1:1:1; vol%). Charge and discharge
experiment was conducted at current density of 20 mA g '
with a BS-9300R battery tester.

The storage stability of samples was evaluated by comparing
the weight increment percent of LiNiO,@LiCoO, and LiNiO,
in 65% humidity at 30 °C. If the sample reacts with H,O and
CO, in the atmosphere, its weight will increase so the weight
increment can indicate the storage stability.

Results and discussion

Figure 1 shows the XRD pattern of the NIOOH@CoOOH
comprising intensive 3-NiOOH (JCPDS 6-0141) diffraction

Fig. 4 SEM images of broken
B-NiOOH@,3-CoOOH particles
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peaks and weak (§-CoOOH (JCPDS 14-0673) diffraction
peak. As known from the synthetic process, it was obvious
that (B-Ni(OH), particles was deposited by Co(OH),
precipitation when the CoSOy solution containing spherical
B-Ni(OH), powders was poured into the alkaline solution,
moreover, the amount of Ni(OH), was larger than Co(OH),
according to the fixed Ni/Co ratio. The XRD result
suggested that S-Ni(OH), and Co(OH), were separately
oxidized to S-NiOOH and S-CoOOH, respectively.

Figure 2 (a) and (b) illustrate that both S-NiOOH@-
CoOOH and [-NiOOH are similar uniform spherical
powders from the low-magnification SEM images. Never-
theless, the high-magnification surface image of -
NiOOH@B-CoOOH in Fig. 2 (al) is significantly different
from that of spherical 3-NiOOH powder in Fig. 2 (b1). The
pure 5-NiOOH surface is made up of smaller granular
crystalline grains, whereas, the S-NiOOH@/3-CoOOH
surface is completely covered by another smoother layer.
The result indicates the successful coating on the surface of
pristine spherical S-NiOOH particles. The EDS analysis
result at the line yellow on the spherical NIOOH@CoOOH
particle is shown in Fig. 3. It demonstrates that the Co
content decreases while the Ni content increase from the
edge to the center (about 8.5 wum distance in the EDS
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image) of the spherical particle, meaning that Co element
appears in abundance compared to Ni in the shell (G-
CoOOH as shell and S8-NiOOH as core). Furthermore, the
SEM images of broken particles in Fig. 4 clearly confirm
the core-shell structure of NIOOH@CoOOH.

Figure 5 displays the XRD patterns of the samples
prepared by sintering the mixture of spherical f-
NiOOH@3-CoOOH and LiOH at temperatures of 500,
550, 600, 650, 700, 750, and 800 °C for 24 h, respectively.
It can be observed that all the samples have layered
hexagonal structure with a space group of R-3m with trace
of Li,CO3; which might be attributed to the reaction of
LiOH and CO; in the air [7]. The Iyg3/104 of the samples is
summarized in Fig. 6, which can be used to determine the
degree of ordering layered property (generally the I3/ 04>
1.2) [6, 7, 17]. The result reveals that the lyo3//;04 increased
from 1.54 to 1.79 as the sintering temperature from 500 to
600 °C at first, then decreased to 1.31 when the sintering
temperature continued to 700 °C. It means that the sample
sintered at 600 °C has the best layered structure, the
temperature is lower than that of Ni(OH), as precursor [5].
The total oxidation state of Ni and Co is high at about 3. So
the layered hexagonal structured LiNiO,-LiCoO, can be
obtained at low temperature in the air atmosphere.

It is seen from SEM images in Fig. 7 that the surfaces of
samples sintered at 500 and 600 °C are smooth, similar to
B-NiOOH@[3-CoOOH precursor. However, the surface
images of samples sintered at 700 and 800 °C are coarse,
composing crystal particles between cracks. The EDS
(Fig. 8) and SEM of broken samples (Fig. 9) results reveal
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Fig. 5 XRD patterns of resultant samples prepared from (-
NiOOH@-CoOOH and LiOH at different temperatures for 24 h
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Fig. 6 Intensity ratio of 003 and 104 diffraction peaks of samples
prepared from S-NiOOH@3-CoOOH and LiOH at different temper-
atures for 24 h

that the sample sintered at 600 °C still remain core-shell
structure, but the sample sintered at 700 °C has not core-
shell structure since the Ni/Co ratio is the same in all the
part of spherical particle, and the shell seems to disappear.
Ni and Co atoms completely diffused each other, and the
absolute Co-doping LiNi;_Co,O, solid solution was
formed when the sintered temperature was too high, then,
the core-shell structure disappeared [12, 15]. It should be
noted that some spheres might crack into small particles
during the mechanical mixing of NiIOOH@CoOOH and
LiOH (Figs. 8 and 9); therefore, the resultant samples might
be without integrated core-shell structure.

We also investigated the mixture of B-NiOOH@[-
CoOOH and LiOH sintered at 600 °C for different times,
and their XRD patterns are shown in Fig. 10. The Iyg3/104
of samples prepared at 12, 24, and 48 h are 1.38, 1.79, and
1.49, respectively. Therefore, the layered property of
samples becomes worse if the sintering time is too short
or long. The XRD patterns in Fig. 11 also show that the
sample prepared from spherical S-NiOOH@G-CoOOH
precursor has better layered structured property than that
from G-NiOOH or 3-Ni(OH), precursor at 600 °C for 24 h
in the air. However, it is different to XRD pattern of
NiOOH@CoOOH precursor, it is difficult to distinguish
LiCoO, or LiNi; 1Co,O, diffraction peaks for all the Li-
samples. It might be that the intensity of LiNiO, diffraction
peaks is much stronger than those of LiCoO, or LiNij_,
Co,0,, then, the diffraction peaks of LiCoO, or LiNi;_,
Co,0, were overlaid by LiNiO,.

Figure 12 compares the charge and discharge character-
istics of the first cycle of LiNiO,@LiCoO, and LiNiO,,
which are prepared from spherical 3-NiOOH@3-CoOOH
and -NiOOH at 600 °C for 24 h, respectively. Though the
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Fig. 7 SEM images of samples
prepared from -NiOOH@3-
CoOOH and LiOH at different
temperatures for 24 h

Fig. 8 EDS images of samples
prepared from [-NiOOH@)S-
CoOOH and LiOH at different
temperatures for 24 h
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Fig. 9 Cross-sectional SEM
images of samples prepared
from 3-NiOOH@,3-CoOOH and
LiOH at different temperatures
for 24 h

initial specific discharge capacity of LiNiO,@LiCoO,
(181.4 mA h g') is slightly lower than that of LiNiO,
(183.9 mA h g "), the chargedischarge coulombic effi-
ciency of LiNiO,@LiCoO, (89.4%) is higher than that of
LiNiO, (83.9%). Furthermore, it is obviously observed
from Fig. 13 that the LiNiO,@LiCoO, has better cycle-
ability than LiNiO,. After 20 charge—discharge cycles at
current density of 20 mA g ', the specific discharge
capacity retention of LiNiO,@LiCoO, is 97.4%, markedly
higher than 87.7% of LiNiO,. The improvement of cycling
performance is attributed to the LiCoO, shell covered on
the surface of LiNiO,, which isolates the LiNiO,’s direct
contact from the electrolyte. In addition, Co-modified
LiNiO, can also improve the cycling stability of LiNiO,
[15].

LiNiO, readily reacts with H,O and CO, in the air
atmosphere as the following reactions [18], leading to bad
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Fig. 10 XRD patterns of resultant samples prepared from /(-
NiOOH@/3-CoOOH and LiOH at 600 °C for different times
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electrochemical performance. It can be clearly concluded
from the reactions (1)—(4) that the weight of sample
enhances when LiNiO, reacts with H,O and CO,.
Therefore, we can easily evaluate the storage stability of
LiNiO,-based materials by comparing the weight-
enhanced percent of samples at a certain temperature and
humidity. It is seen from Fig. 14 that the weight increment
of LiNiO,@LiCoO, is lower than that of LiNiO, when
stored at 30 °C and 65% humidity for 15 days. The
spherical LiNiO,@LiCoO, has better storage stability
than LiNiO, since the stable LiCoO, outer shell covers
the LiNiO, inter core and insulates its contact with H,O
and CO; in the air atmosphere.

‘-J a

Intensity

B W D
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Scattering angle / 26° Cu Ka
Fig. 11 XRD patterns of resultant samples sintered at 600 °C for 24 h

from different precursors and LiOH: a S-NiOOH@3-CoOOH; b (-
NiOOH; ¢ 3-Ni(OH),
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LiNiO,+x/2H,0 = Lij (NiO, ), + xLiOH (1)

LiNiO,+1/2H,0 = LiOH + NiO + 1/40, (2)

LiNiO, + y/2CO; + y/40,

= LilnyiOQ + Y/2Li2CO3 (3)
2LiNiO; + CO, = Li;CO;3 + 2NiO + 1/20, 4)
Conclusions

Spherical LiNiO,@LiCoO, was synthesized by sintering
the mixture of spherical §-NiOOH@3-CoOOH and LiOH
in air atmosphere at low temperature. The optimum
preparation condition is 600 °C for 24 h in this study. The
first discharge capacity of this LiNiO,@LiCoO, with core-
shell structure is 181.4 mA h g '. The low temperature
synthesis of LiNiO,@LiCoO, also has better cycleability
and storage stability than LiNiO, prepared from spherical
O-NiOOH. Spherical LiNiO,@LiCoO, is a promising
cathode material for lithium ion batteries, and the spherical
B-NiOOH@(3-CoOOH is an excellent precursor for low
temperature synthesis.
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