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Abstract LiNiggCog,0, and Ca-doped LiNijpgCog,0,
cathode materials have been synthesized via a rheological
phase reaction method. X-ray diffraction studies show that the
Ca-doped material, and also the discharged electrode,
maintains a hexagonal structure even when cycled in the
range of 3.0-4.35 V (vs Li'/Li) after 100 cycles. Electro-
chemical tests show that Ca doping significantly improves the
reversible capacity and cyclability. The improvement is
attributed to the formation of defects caused by the partial
occupancy of Ca®" ions in lithium lattice sites, which reduce
the resistance and thus improve the electrochemical properties.
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Introduction

Lithium ion batteries are considered to be the best available
power source for most portable electronic devices, owing
to their higher energy density, larger power capacity, and
higher working voltage, compared with other secondary
batteries [1]. The cycle life and capacity of lithium ion
batteries critically depend on the structural and electro-
chemical properties of the cathode materials. Traditionally,
LiCo0, is used as commercial cathode material for lithium
rechargeable batteries because of its high reversibility,
reasonable rate capacity, and easy preparation. However,
the toxicity of cobalt coupled with its high cost and low
practical capacity limit further applications. Currently,
LiNiO, is being developed to replace LiCoO,, due to the
comparatively low cost, high energy density, and environ-
mental advantages of the former. Nevertheless, this mate-
rial is known to be difficult to synthesize and suffers from
instabilities at high states of charge [2, 3]. Therefore, much
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research has been undertaken to search for new cathode
materials to overcome these shortcomings [4—6].

LiNi;_,Co,0; (0<x<1) compounds, which are isostruc-
tural as LiCoO, and LiNiO, with hexagonal R-3m o-
NaFeO;-layered structures and have the advantages of both
LiCoO, and LiNiO,, are considered as promising cathode
materials for lithium secondary batteries [7-10]. Elements
such as Fe, Al, Y, and Ga have been used for the partial
substitution of Ni or Co to further enhance the electro-
chemical performance of the cathode materials [11-14].
The doped materials showed better structural stability and
cycling behavior than the undoped ones. However, the
electrochemically inactive dopant generally reduced the
reversible cycling capacity.

In the present study, we report an improved reversible
capacity and cycling performance of Ca-doped LiNigg
Co0¢»,0, cathode material. The structural and electrochem-
ical properties were investigated to find the reasons for the
improvement in electrochemical properties.

Experimental

LiNig gCop,0, and Ca-doped LiNijgCoy,0, cathode
materials were synthesized by a rheological phase reaction
method [15]. LiOH H,0, Ni(OH),, Co,03, and Ca(OH),
were fully mixed by grinding in a molar ratio of
1:0.8:0.1:0.02. An appropriate amount of deionized water
was added to get a rheological body, and the mixture was
heated at 80 °C for 2 h in a closed container. After being
dried at 120 °C, the mixture was sintered at 730 °C for 10 h
in an oxygen atmosphere, and then cooled to room
temperature to yield a black product.

The identification of phases and structures was carried
out on a Shimadzu 6000 X-ray diffractometer in the 20
range of 15 to 120°, at a scanning rate of 2°/min and a step
of 0.02°, using Cu K, radiation (A=1.54056 A).

The charge/discharge tests were carried out using the coin-
type cell (with a size 0of 2,016), which consisted of an active-
material working electrode and a lithium foil counter
electrode separated by a Celgard 2400 microporous mem-
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brane. The working electrode was prepared by mixing active
material with 15 wt.% acetylene black and 5 wt.% polytet-
rafluoroethylene binder, compressing the mixture onto an
aluminum mesh current collector. A 1 mol/L solution of
LiPF¢ dissolved in ethylene carbonate/dimethyl carbonate
(DMC) (1:1 volume ratio) was used as the electrolyte. The
cells were assembled in an Argon-filled glove box
(Mikrouna, Super 1220/750, China). The cells were charged
and discharged between 3.0 and 4.35 V (vs Li'/Li) at
different current densities.

Results and discussion

The X-ray diffraction (XRD) patterns of LiNiggCog,0;
and Ca-doped LiNijgCog,0, are shown in Fig. 1. Both
compounds show sharp and narrow peaks, indicating a
high degree of crystallinity. The patterns can be indexed
based on the hexagonal x-NaFeO, structure with the R-3m
space group, except a trace amount of CaO peaks as
impurity in the spectra of Ca-doped material (Fig. 1b). The
spectrum shows a clear split of (006)/(102) and (108)/(110)
peaks. According to previous studies [16, 17], the degree of
ordering layered structure and the amount of transition
metal in the interslab space is indicated from the XRD
spectra with the intensity rations of /(003)/1(104), the c/a
rations of lattice parameters, and the degree of either (108)/
(110) or (006)/(102) peak splitting. Crystal lattice param-
eters of the compounds, which are calculated by means of
the least-squares method in terms of hexagonal structure,
are given in Table 1. The values of lattice parameters agree
well with those reported in literature [18]. Lattice
parameters of Ca2+-d0ped LiNip 3Co0¢,0, are smaller
than those of the undoped material. The rations of /(003)/
1(104) and c/a of Ca™"-doped LiNiy3Co,0, are larger
than those of the undoped material, indicating a better
ordering layered structure, as well as a lower degree of
cation mixing. This implies that the calcium doping has
affected the crystal structure. This may be attributed to the
formation of the defects, which occurs from the partial
occupancy of Ca®" ions in the lithium lattice sites. A Ca>"
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Fig. 1 XRD patterns of compounds: a LiNijgCo,0,, b Ca-doped
LiNi()_gCO()_zOz

Table 1 Lattice parameters of LiNiygCog,0, (a) and Ca-doped
LiNig 3C00 20, (b)

Samples a (A) c(A) V(A% cla Loo3y/

Loy
a 2.8712 (1) 14.1605 (8) 101.0945 (75) 4.9319 1.33
b 2.8656 (1) 14.1564 (7) 100.6705 (80) 4.9401 1.41

ion occupies the Li" ion site to form a Cay;" defect and a
lithium vacancy (Vy;’). The formations of the defects
shrink the unit cell, suppress the mixing of transition metal
in the interslab space, and stabilize the hexagonal LiNig g
Co 0, structure. The defects in the material would
increase the conductivity and diffusion of lithium ions, and
thus improve the electrochemical properties [19] (see the
discussion of Figs. 3 and 4).

Figure 2 presents the initial charge and discharge curves
of LiNig gCog ,0, and Ca-doped LiNig gCoq ,0, electrodes
between 3.0 and 4.35 V at a constant current density of
100 mA/g. Both profiles are similar, indicating similar
electrochemical behaviors of the samples. From the figure,
we can also observe that Ca-doped LiNijgCog,0, has a
lower charge voltage than the undoped material at the same
charge capacity, while at the same discharge capacity, the
former has higher discharge voltage than the latter. Figure 3
shows the cycle performances of the samples. The cathode
material of Ca-doped LiNij gCog -0, has an initial charge
capacity of 212 mAh/g, followed by a discharge capacity of
166 mAh/g. The coulombic efficiency is 78.3%. Even after
100 cycles, the discharge capacity still keeps 163 mAh/g.
Only less than 2% of the initial discharge capacity is lost,
with an average capacity fade of 0.02% per cycle. In
comparison, the LiNiggCoy,0, material delivers initial
charge and discharge capacities of 200 and 153 mAh/g,
respectively, with a coulombic efficiency of 76.5%, which
is in agreement with the results reported in the literature
[10]. The discharge capacity loses 19% in 70 cycles, with
an average fade of 0.27% per cycle.
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Fig. 2 The initial charge and discharge curves of LiNijgCo0,0,

(a) and Ca-doped LiNip gCo 0, (b) electrodes at a current density
of 100 mA/g between 3.0 and 4.35 V
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Fig. 3 Cycle performance of LiNiggCo,0, (a) and Ca-doped
LiNi §C0¢ 0, (b) electrodes at a current density of 100 mA/g
between 3.0 and 4.35 V

Figure 4 shows the cycle performances of LiNij gCog »
0, and Ca-doped LiNijgCog,0, electrode at a current
density of 25 mA/g between 3.0 and 4.35 V. Ca-doped
LiNig 3Co(,0, material maintains its initial discharge
capacity (174 mAh/g) for up to 30 cycles. By contrast,
the undoped material delivers an initial discharge capacity
of 169 mAh/g, and the capacity decreases gradually with
cycle number. This demonstrates that Ca-doped LiNig g
Co0.,0, cathode material has a good rate capacity.

XRD patterns of Ca-doped LiNijgCog,0, electrodes
discharged at 3.0 V in a voltage range of 3.0-4.35 V after 1
cycle and after 100 cycles are shown in Fig. 5. The
discharged electrodes were taken out from the cells and the
cathode materials were removed from the aluminum mesh
using a doctor blade, washed by DMC and dried under
vacuum at 80 °C, and then used for XRD tests. Comparing
the XRD patterns, we note that the characteristic peak
position of Ca-doped LiNipgCoy,0, phase maintains
unchanged. The ration of /(003)//(104) remains larger
than 1.20, indicating that the material still maintains a good
ordering layered structure even after 100 cycles. The
sample completely recovers to its initial hexagonal struc-
ture after lithium reintercalation.
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Fig. 4 Cycle performance of LiNiggCo,0, (a) and Ca-doped
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Fig. 5 XRD patterns of a Ca-doped LiNipgCog,0, electrode
discharged at 3.0 V in voltage range of 3.0-4.35 V: a after 1 cycle
and b after 100 cycles

To understand the different cycling characteristics, AC
impedance measurements of the two materials were carried
out. Figure 6 presents the Nyquist plots obtained at charged
state (4.35 V) in the first and fifth cycles. Each plot consists
of'a depressed semicircle in high and low frequency ranges.
The high-frequency semicircle is attributed to the presence
of a passivating film on the oxide surface and the low-
frequency semicircle to the charge-transfer resistance of
electrochemical reaction [20, 21]. The spectra clearly
shows that the charge-transfer resistance of Ca-doped
LiNig §Co(,0, electrode is much lower than that of the
undoped material, which indicates that the material
becomes more conductive with Ca doping. The charge-
transfer resistance of the Ca-doped LiNiggCoq,0, elec-
trode decreased after 5 cycles. By contrast, that of the
undoped material increased. The lower resistance is
attributed to the effect of Ca which causes the formation
of defects (Cay;" and Vi;’). The defects in the material
would increase the conductivity, decrease the activation
energy for the hopping of lithium ions from one site to
another, and improve the diffusion of lithium ions [19].
From these results, it can be considered that the improved
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LiNip §C0¢,0;, (b) electrodes at a current density of 25 mA/g Fig. 6 Nyquist plots of LiNipgCo,0, (a) and Ca-doped LiNig g
Co00,0, (b) at charged state (4.35 V) in the first and fifth cycles

between 3.0 and 4.35 V
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electrochemical properties of Ca-doped LiNipgCog,0,
material were due to the low charge—discharge resistance.

Conclusions

In sum, the effects of Ca doping on the structure and
electrochemcial properties of LiNiy gCog,0, powder were
investigated. Ca-doped LiNiygCop,0O, material has
smaller lattice parameters and its hexagonal structure
maintains even after 100 cycles. It delivers higher revers-
ible capacity and exhibits better cyclability than the
undoped material. The superior electrochemical perfor-
mance of Ca-doped LiNig gCog,0, may be ascribed to the
reduced resistance.
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