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A simple method has been employed to prepare pillared layered Li;_»yCayCoO, cathode materials by
cationic exchange under hydrothermal conditions. The synthesized materials were characterized by
means of X-ray diffraction (XRD), inductively coupled plasma-atomic emission spectroscopy (ICP-AES),
field emission scanning electron microscope (FE-SEM) and galvanostatic charge-discharge cycling. The
XRD data of the products show that they are single phases and retain the layered a-NaFeO,, type structure.
The FE-SEM images of the materials prepared by hydrothermal method show uniform small particles,
and the particle size of the materials is about 200 nm. The initial discharge specific capacities of lay-
ered LiCoO; and pillared layered Ligg46Cag027C00, cathode materials calcined at 800°C for 5h within
the potential range of 3.0-4.3V (vs. Li*/Li) are 144.6 and 142.3 mAh g~', respectively, and both materials
retain good charge-discharge cycling performance. However, with increasing upper cutoff voltage, the
pillar effect of Ca%* in Li;_pyCayCoO, becomes more significant. The pillared layered Ligg46Cag,027C00,
has a higher capacity with an initial discharge specific capacity of 177.9 and 215.8 mAhg~! within the
potential range of 3.0-4.5 and 4.7V (vs. Li*/Li), respectively, and retains good charge-discharge cycling
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1. Introduction

a-NaFeO, type layered LiCoO, (space group R3m) has been the
dominant cathode material for commercial Li-ion batteries since
1991 because of its ease of production, high operating voltage, low
self-discharge rate and high reversibility. In this structure, LiOg and
CoOg octahedra share their corners and stack alternatively along
the c-axis direction, which allows two-dimensional diffusion of Li
ions during electrochemical deintercalation and intercalation pro-
cesses [1].

However, the specific capacity of LiCoO, is relatively low at
around 140 mAhg-! because only about 0.5 Li per LiCoO, can
be reversibly cycled without causing serious capacity loss [2]. To
obtain a higher capacity from LiCoO,, it must be charged above
4.3V (vs. Li*/Li) to use more than 0.5 Li per LiCoO, [3]. How-
ever, charge-discharge cycling using a higher upper cutoff voltage
often results in a rapid capacity loss, thought to be caused by
side reactions with electrolyte at high potentials and the structure
instability that the removal of the lithium ions during extraction
results in a set of phase changes, i.e. from 03 - H1-3 - O1 and
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the O3 — H1-3 phase change near 4.5V leading to rapid capac-
ity loss in LixCoO, [2-7]. To overcome this problem, many works
have been reported to improve the structure stability of LiCoO,
by coated some materials on its particles or doped other metals
into the structure [3,5,7]. However, the capacity retention of coated
or doped LiCoO, is still unacceptable for practical applications.
Our laboratory has reported that pillared layered Li;_3yCaxCoO,
synthesized by a molten salt ion exchange method can suppress
the unwanted phase transition because Ca2* ions in the inter-
layer galleries prevent local collapse of the interslab space and
act as pillars during the deintercalation process [8]. However, this
method has a complicated process which limits the industrial
application.

Recently, hydrothermal synthesis [9-11] is reported to prepare
layered LiCoO, cathode material in that this method is a useful route
for preparing uniform small particles and also has other advantages
such as a simple process and low synthesis temperature.

In this work, a much more simple method is firstly
employed to synthesize pillared layered Lij_xCaxCoO, cath-
ode materials by cationic exchange reactions between Li*,
Ca?* and H* of CoOOH under hydrothermal conditions. The
structures, the morphologies and the electrochemical behav-
iors of pillared layered Lij_yCaxCoO, have been discussed in
detail.
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Fig. 1. XRD patterns of the CoOOH precursor (a) and products from different initial
Ca/Co molar ratios of (b) 0, (c) 0.05, (d) 0.1, (e) 0.3 and (f) 0.5. Reflections from
Ca(OH); are indicated with*.
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Fig. 2. XRD patterns of Lipg4sCag027C00, calcined at (a) 400, (b) 500, (c) 600, (d)
700, (e) 800 and (f) 900°C in air for 5 h. Reflections from Co304 are indicated with
*. Right small figure is the local area enlargement of (006) and (102) peaks from
38.0 to 39.5°.

2. Experimental
2.1. Synthesis of materials

Layered LiCoO, and pillared layered Li;_pxCaxCoO, cathode
materials were prepared by cationic exchange reactions between
Li* (and Ca%*) and H* of CoOOH under hydrothermal conditions.
CoOOH was initially prepared by oxidation of Co(OH), which
was made by adding a 2molL~! NaOH solution dropwise to a
0.5mol L~ CoS0O,4 7H,0 solution (200 mL). The addition of NaOH
solution was terminated when the pH value of the solution reached
about 12 and subsequently was treated by adding a quantity of
30% H,0, solution. COOOH was stirred in 80 mL of LiOH (or LiOH
and Ca(OH),) aqueous solution, then the resulting suspension was
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Fig. 3. Variations of anex and cpex parameters of Lig 946 Cag027C00; calcined at differ-
ent temperatures.

hydrothermally treated at 220°C for 10h in autoclave. After the
reaction, the resulting precipitate was collected by filtration and
then dried at 100°C for 12 h to obtain Li;_»4CaxCoO,. In order to
improve the crystallinity, the resulting Li; _,yCaxCoO, was calcined
at different temperatures in air.

2.2. Characterization of materials

The crystal structures of the products were analyzed by means
of X-ray diffraction (XRD) (Shimadzu XRD-6000) that was oper-
ated at 40kV and 30 mA from 10 to 80° at the wavelength of Cu
Ko radiation (A =0.15406 nm). Elemental analyses for Li, Co and
Ca were examined by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) (Shimadzu ICPS-7500). The particle mor-
phologies of the products were observed by means of field emission
scanning electron microscope (FE-SEM) (Hitachi S-4700).

Electrochemical behaviors during charge—discharge cycles were
examined using a two-electrode test cell with lithium foil as the
negative electrode. A positive electrode was made by coating a
paste of active material, acetylene black and polyvinylidene fluo-
ride (PVDF) binder (80:10:10 wt.%) on an aluminum-foil collector.
The positive film was subjected to roll press and the electrodes of
10 mm diameter (the mass of active material for each electrode is
about 4 mg) were punched out. The positive electrodes were dried
at 110°C for 12 h in a vacuum oven. The coin-type cells (CR 2032)
were assembled in an argon filled glove box with an electrolyte of
1molL-! LiPFg in EC-EMC-DMC (1:1:1 volume ratio) solution and
a separator of Celgard 2400. The electrochemical data were col-
lected using LAND CT2001A test system within the potential range
of 3.0-4.3, 4.5 or 4.7V (vs. Li/Li*) at a constant current density of
01mAcm~2 (25mAg1).

3. Results and discussion

The products were synthesized by mixing CoOOH precursor,
LiOH-H,0 and Ca(OH), with different initial Ca/Co molar ratios of 0,
0.05, 0.1, 0.3 and 0.5 under hydrothermal conditions. The XRD pat-
tern of the CoOOH precursor shows the formation of a single phase
as shown in Fig. 1a. Moreover, the structure of CoOOH (space group
R3m) is found to be similar to that of LiCoO,. Therefore, LiCoO,
can be prepared by cationic exchange reactions between Li* and H*
of CoOOH under hydrothermal conditions [9,10]. The powder XRD
patterns and the results of element analysis of samples prepared
by cationic exchange under hydrothermal conditions at different
initial Ca/Co molar ratios are shown in Fig. 1b-f and Table 1, respec-
tively. The data of Table 1 show that the content of Li* in samples
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Fig. 4. FE-SEM micrographs of hydrothermally synthesized Lig g46Cao.027C00 (a) and products after calcination at (b) 400, (c) 500, (d) 600, (e) 700 and (f) 800 °C in air for 5 h.

decrease and the content of Ca2* increase in relationship of 2:1 with
the initial Ca/Co molar ratios of 0.05 and 0.1. In addition, the XRD
patterns indicate that the products prepared at initial Ca/Co molar
ratios of 0, 0.05 and 0.1 are single phases and retain the layered a-
NaFeO, type structure. Sequentially increasing initial molar ratios
of Ca/Co, the content of Li* still decrease, however, a small quan-
tity of Ca(OH), cannot be completely removed, which can also be
proved by the results of XRD as shown in Fig. 1e-f. Therefore, we

only choose the initial Ca/Co molar ratios of 0, 0.05 and 0.1 to do
further research. The lattice parameters of the products from the
initial Ca/Co molar ratios of 0, 0.05 and 0.1 are shown in Table 2.
With different amounts of Ca2* ions in the products, the a-axis
value has little change, while the c-axis value increases obviously
compared with that of LiCoO,. Because the a-axis value is critically
related to the metal-metal intraslab distance, and the c-axis value
is related to the interslab distance between the CoO- sheets, these
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Table 1
Molar percentages of elements Li and Ca (by regarding element Co as 100%) present
in products obtained from different initial Ca/Co molar ratios

Initial Ca/Co molar ratio Li (mol%) Ca (mol%) Ca/Li molar ratio of product
0 100.06 0.00 0
0.05 97.20 141 0.014/0.972
0.1 94.57 2.73 0.027/0.946
0.3 94.01 6.54 0.065/0.940
0.5 93.61 10.50 0.105/0.936
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Fig.5. Cycling performances of hydrothermally synthesized Li 946 Cag 027C00> cath-
ode material calcined at different temperatures within the potential range of
3.0-4.3V (vs. Li/Li*) at a constant current density of 0.1 mA cm—2.

results prove that Ca2* ions in the products are situated in the inter-
slab. The c-axis value of Li; _5yCayCoO, is larger than that of LiCoO,
because the ionic radius of Ca* is larger than that of Li*. A small
amount of Ca2* ions in the interslab space provides larger space
for the movement of lithium ions, and can prevent the lattice from
shrinking because of the unchangeable radius of Ca2* during the
deintercalation process. Liu et al. [12] and Pouillerie et al. [13,14]
have also reported that Zn2* or Mg2* ions in the interstab space
can prevent the local collapse of crystal due to pillar effect of Zn2*
or Mg2* ions. Based on the above data from XRD and the research
result of our laboratory [8], we choose the Lig g46Cag g27C00, mate-
rial to do further research. Additionally, in order to further improve
the crystallinity of electrode material which is critically related
to specific capacity and cycling stability in Li-ion battery system,
the hydrothermally synthesized Lig g946Cag.027C00, material is cal-
cined at different temperatures.

The XRD patterns of Ligg4Cag27C00, calcined at 400, 500,
600, 700, 800 and 900°C for 5h in air are shown in Fig. 2. Lat-
tice parameters of samples calculated by a least square method are
shown in Fig. 3. With increasing the calcination temperature, the
full width at the half-maximum becomes narrow which indicates
the improvement of the crystallinity by the heat treatment, and sep-
arations of (006)/(102) peaks become much more distinct which
indicates the formation of a highly ordered lamellar structure. How-
ever, when the calcination temperature increases to 900 °C, a small

Table 2
Lattice parameters of samples from different initial Ca/Co molar ratios prepared by
cationic exchange under hydrothermal conditions

Initial Ca/Co molar ratio Samples a(A) c(A) Vhex (A3)
0 LiCoO> 2.817 14.054 96.584
0.05 Liglgn C&lol()mCOOz 2.817 14.110 96.689
0.1 Li0_946 C30_027 C002 2.817 14.131 97.182
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Fig. 6. Charge and discharge curves for hydrothermally synthesized LiCoO, and
Li.946Cap.027C00; calcined at 800°C for 5h within the potential range of 3.0-4.5
(a) and 3.0-4.7 V (b) (vs. Li/Li*) at a constant current density of 0.1 mAcm~2.

amount of spinel phase Co30y4 is found. Therefore, the calcination
temperature should be chosen below 900 °C. Additionally, the cal-
culated lattice constants a and c have little changes. These results
indicate that Ca2* ions are still localized in the interslab space dur-
ing the calcination process.

The FE-SEM micrographs of hydrothermally synthesized
Lig 0946Cag.027C00, and products after calcination at different tem-
peratures are shown in Fig. 4. It is found that the hydrothermally
synthesized material has uniform small particles and the particle
size of products has no significant change after calcination between
400 and 700°C. In addition, the images of products show simi-
lar shapes of the particles and the particle size is about 200 nm.
However, when the calcination temperature increases to 800°C,
the particle size of the product has significant growth.

Fig. 5 shows the cycling behaviors of hydrothermally syn-
thesized Lig 946Cag g27C00, cathode material calcined at different
temperatures in the potential range of 3.0-4.3V (vs. Li*/Li)
at a constant current density of 0.1mAcm~2 (25mAg~'). The
electrochemical cycling stabilities of all the samples after heat-
treatment have been improved. The initial discharge specific
capacity of the Ligg46Cagg27C00, product calcined at 800°C for
5his 142.3mAhg-! and is much higher than that of other prod-
ucts. During subsequent cycles, the specific capacity decays slowly.
A reversible capacity of 131.3mAhg~! is observed on the 30th
cycle and is also much higher than that of other products. In com-
parison, the initial discharge specific capacity of LiCoO, cathode
material which was synthesized by calcination at 800°C for 5h
after hydrothermal reaction is 144.6 mAh g~1, and this material has
a discharge specific capacity of 124.2mAhg-! on the 30th cycle.
Therefore, the pillared layered Lig 946Cag 2700, shows less capac-
ity fading than layered LiCoO,.

From the above results, it is found that the product calcined at
800°C exhibits the best cyclability with higher specific capacity,
which can be mainly attributed to the improvement of crystallinity
reflected by clear separations of (006)/(102) and (108)/(110)
peaks as shown in Fig. 2. Furthermore, the heat treatment can make
the CaZ* ions more uniformly distributed in the interslab space,
which may be another reason to improve the electrochemical per-
formance of cathode material. In the further study, the upper cutoff
voltage increases to 4.5 and 4.7 V (vs. Li*/Li), and the corresponding
first charge and discharge profiles of both layered LiCoO, and pil-
lared layered Lig g46Cag g27C00, cathode material are given in Fig. 6.
As shown in Fig. 6, the initial discharge specific capacity of pillared
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Fig. 7. Cycling performances of hydrothermally synthesized LiCoO, and
Lio.946Cap027C00, calcined at 800°C for 5h within the potential range of
3.0-4.5 and 4.7 V (vs. Li/Li*) at a constant current density of 0.1 mAcm~2.

layered Lig g46Cag,027C00; cathode material is 1777.9 mAh g1 in the
potential range of 3.0-4.5V and 215.8mAhg~! in the potential
range of 3.0-4.7V, and is much higher than that of layered LiCoO,
material. Furthermore, the pillared layered Lig g46Cag 927C00, cath-
ode material has lower charge plateau and higher discharge plateau
which indicate higher lithium diffusion kinetics in the interslab
space. Fig. 7 shows the variations in discharge specific capac-
ity with cycle number of both products. It is evident that the
Lig 946Cag.027C00, cathode material has a higher specific capacity
and better capacity retention than LiCoO, under higher upper cut-
off potential. These results can be attributable to the pillar effect of
Ca2* ions which provides larger space for the movement of lithium
ions and prevents the local collapses of the structure during the
lithium intercalation/deintercalation process.

4. Conclusions

A simple synthesis approach is successfully used to prepare pil-
lared layered Li; _pyCaxCoO; cathode materials with a-NaFeO, type

single phase structure, and this method could be easily scaled up for
industrial production. The layered pillared Li;_,yCaxCoO, cathode
materials prepared by this route have a higher specific capacity, a
better overcharge tolerance and higher lithium diffusion coefficient
than LiCo0,. In addition, it is confirmed that a small amount of Ca%*
ions localized in the interslab space can significantly improve the
electrochemical performance of the cathode material due to the
pillar effect of Ca2* ions which provides larger space for the move-
ment of lithium ions and prevent the collapse of crystal during the
lithium intercalation/deintercalation process.
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