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bstract

The cathode-active materials, layered Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1), were synthesized from a sol–gel precursor at
00 ◦C in air. The influence of Al–F co-substitution on the structural and electrochemical properties of the as-prepared samples was char-
cterized by X-ray diffraction (XRD), scanning electron microscope (SEM) and electrochemical experiments. The results showed that
i[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz has a typical hexagonal structure with a single phase, the particle sizes of the samples tended to

ncrease with increasing fluorine content. It has been found that Li[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05 showed an improved cathodic behav-
or and discharge capacity retention compared to the undoped samples in the voltage range of 3.0–4.3 V. The electrodes prepared from

i[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05 delivered an initial discharge capacity of 158 mAh−1 g and an initial coulombic efficiency is 91.3%, and the
apacity retention at the 20th cycle was 94.9%. Though the F-doped samples had lower initial capacities, they showed better cycle performances
ompared with F-free samples. Therefore, this is a promising material for a lithium-ion battery.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the recent years, the layered transition metal oxide
i(Ni1/3Co1/3Mn1/3)O2 has attracted much attention due to its
igh capacity, good cycling performance and thermal stability
1–3]. It has a typical hexagonal �-NaFeO2 structure with a
pace group of R3̄m, and the oxidation states of Ni, Co and
n in the compound are 2+, 3+ and 4+, respectively [4]. The

lectrochemical processes involve the oxidation of Ni2+ to Ni4+

uring the initial stage and Co3+ to Co4+ in a later stage [5].
hzuku and co-workers synthesized Li(Ni1/3Co1/3Mn1/3)O2 in

001 for the first time, which delivered a stable capacity of
50 mAh−1 g in the voltage range 2.5–4.2 V with excellent
yclability [6]. Shaju et al. reported this material possessed a
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ischarge capacity of 215 mAh−1 g when cycled between 2.5
nd 4.7 V [7]. It is considered to be one of the most promising
athode materials for a lithium-ion battery to replace LiCoO2.
owever, further improvement is needed for its suitability to
ractical uses such as high-energy and power density. Small
mounts of additional dopants like Mg [8], F [9], Mo [10] and Si
11] into the Li(Ni1/3Co1/3Mn1/3)O2 lattice have been reported
o improve structural stability and enhance the cycling perfor-

ance. Jouanneau et al. discussed the influence of LiF additions
n Li[NixCo1−2xMnx]O2 and found that materials could be
btained using LiF as a sintering agent with almost no distur-
ance of the cell performance [12]. Mg–F co-substitution into
i(Ni1/3Co1/3Mn1/3)O2 have been observed by Kim [13]. Co-
oping was effective for the improvement of physical properties,

hich enhanced the capacity and thermal stability, even though

he cells were cycled between 2.8–4.6 V [13].
In this paper, we synthesized Al–F co-doped Li[Ni0.333

o0.333Mn0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1) materials by the
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Fig. 1. X-ray diffraction pattern of Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz pow-
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structure. As the fluorine content increased, the lattice parame-
ter increased monotonously, and the cell volume also increased
from 101.09 Å3 for z = 0 to 101.68 Å3 for z = 0.1. Although the
radii of F− anions (1.33 Å) is smaller than that of O2− (1.40 Å),

Table 1
Lattice parameters and structural parameters for Li[Ni0.333Co0.333Mn0.293

Al0.04]O2−zFz

z a(Å) c(Å) c/a I003/I004 Unit cell volume (Å3)
58 L. Liao et al. / Journal of Po

ol–gel method using citric acid as a chelating agent com-
ined with a high calcination process. The effects of Al–F
o-substitution on the structural, electrochemical performance
f Li(Ni1/3Co1/3Mn1/3)O2 compounds were studied in detail.

. Experimental

Al–F co-substituted Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz

0 ≤ z ≤ 0.1) powders were prepared using a sol–gel method
ith citric acid as chelating agent. Lithium nitrate (LiNO3·H2O),

ithium fluoride (LiF), nickel nitrate (Ni(NO3)2·6H2O), cobalt
itrate (Co(NO3)2·6H2O), aluminum nitrate (Al(NO3)3·9H2O)
nd manganese nitrate (Mn(NO3)2·4H2O) were used as the start-
ng materials. A stoichiometric amount of metal nitrates and LiF
ere dissolved in distilled water, and then added drop wise to a

ontinuously stirred aqueous solution of citric acid. The molar
atio of citric acid to total metal ions was 2:1. The solution was
ubsequently adjusted to pH 8–9 by ammonium hydroxide. The
esultant solution was evaporated at 70–80 ◦C to form a transpar-
nt gel. The gel was dried at 120 ◦C for 12 h to get the precursor
owders. These precursors were heated at 480 ◦C for 5 h in air in
rder to eliminate the organic residues. The product was ground
horoughly in an agate mortar and pressed into pellets. These
ellets were recalcined at 900 ◦C for 18 h, followed by quench-
ng to room temperature.

Powder X-ray diffraction (D/max-2550 Rigaku, Japan) mea-
urement using Cu K� radiation was employed to identify the
rystal structure of products. The morphology and particle sizes
f products were performed via scanning electron microscope
SEM) using a JEOL Microscope.

The laboratory cells consisted of a cathode and a lithium
etal anode separated by a Celgard 2400 porous polypropy-

ene film. The positive electrodes were fabricated with active
i[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz powders, carbon black
nd colloidal PTFE binder in the weight ratio of 75:15:10. The
ixture was pressed onto a stainless steel mesh at a pressure of

8 MPa, then dried under vacuum at 120 ◦C for 12 h. The elec-
rolyte was 1 M LiPF6 in EC-DMC(1:1 in volume). The cell was
ssembled in an argon-filled dry box and tested at room temper-
ture(25 ◦C). Electrochemical tests were performed on the cell
t a current density of 16 mA−1 g (0.1 C) with cut-off voltages
f 3.0–4.3 V.

. Results and discussion

Fig. 1 shows X-ray diffraction patterns of the Li[Ni0.333
o0.333Mn0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1) powders prepared by
eating the precursor at 900 ◦C for 18 h in air. All samples could
e indexed based on the hexagonal �-NaFeO2 structure type
space group:R3̄m) and no impurity–related peaks are observed.
t indicates that synthesized samples were single phase and
ormed a layered crystal structure in the range of z = 0–0.1. In
RD patterns, the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) peak pairs

ere clearly split, which means that samples with highly hexag-
nal layered ordering were formed [14]. The integrated intensity
atio of the (0 0 3) and (1 0 4) peak is used to measure the degree
f cation mixing in the layer structure. For I003/I104 value is less

0
0
0
0

ers. prepared at 900 ◦C for 18 h in air: (a) z = 0, (b) z = 0.02, (c) z = 0.05 (d)
= 0.1.

han 1.2, undesirable cation mixing takes place [15,16]. The
003/I104 value of Li[Ni0.333Co0.333Mn0.293Al0.04]O2(1.58) was
igher than that of Li(Ni1/3Co1/3Mn1/3)O2 (1.25) reported by Li
nd co-workers [2]. Because the radius of Ni2+ (0.69 Å) and Li+

0.76 Å) are similar, displacement between the transition metal
ons at the 3a sites and lithium ions at 3b sites would give rise
o cation mixing in the structure [17,18]. A small amount of Al
ubstitution for transition metals could prevent occupancy of the
i+ layers by Ni2+, which is beneficial for the performance dur-

ng electrochemical cycling [19]. However, the I003/I104 value
f F-doped samples was monotonously decreased to 1.36 as
he fluorine content increased, which indicates that some cation

ixing occurred in the crystal lattice.
The lattice parameters and structural parameters were calcu-

ated and summarized in Table 1. The lattice parameters of the
-free sample Li[Ni0.333Co0.333Mn0.293Al0.04]O2 (z = 0) were
alculated to be a = 2.862 Å, c = 14.249 Å and V = 101.09 Å3.
ompared with the values of Li(Ni1/3Co1/3Mn1/3)O2 observed
y Wang et al. (a = 2.885 Å, c = 14.306 Å, V = 103.12 Å3) [20]
nd Tong et al. (a = 2.872 Å, c = 14.243 Å, V = 101.74 Å3) [21],
he lattice parameters are slightly decreased in both a- and c-
xis. The smaller ionic size of Al3+ (0.50 Å) compared to that of
n4+ (0.54 Å3) might offer the lattice parameters in the layered
2.862 14.249 4.979 1.58 101.09
.02 2.863 14.250 4.977 1.53 101.16
.05 2.866 14.252 4.973 1.45 101.37
.1 2.870 14.254 4.967 1.36 101.68
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charge/discharge curves. On charging at 16 mA−1 g, the voltage
suddenly increased to about 3.6 V and held at 3.6–3.8 V until
the charge capacity reached about 90 mAh−1 g, which could
be attributed to the Ni2+/Ni3+ redox reaction occurred in this
Fig. 2. SEM photographs of Li[Ni0.333Co0.333Mn0.293A

ubstitution of fluorine resulted in the partial reduction of the
ransition metal ions for the charge compensation of F anions.
s the radii of Mn3+ (0.645 Å) is larger than Mn4+ (0.53 Å) and
o2+ (0.65 Å) is larger than Co3+ (0.545 Å), it led to the increase

n both a- and c-axis [9]. The c/a ratio slightly decreased from
.979 for z = 0 to 4.967 for z = 0.1, which indicates that a disor-
ered phase with more lithium deficiency will be formed with
ncreasing z-values. Above all, the results clearly confirmed that
uorine ions were successfully substituted for oxygen ions in

he Li(Ni1/3Co1/3Mn1/3)O2 crystal.
The morphologies of the synthesized Li[Ni0.333Co0.333

n0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1) powder were observed using
EM and are shown in Fig. 2. It can be seen from the SEM

mages that Li[Ni0.333Co0.333Mn0.293Al0.04]O2 had a small par-
icle size and an agglomerated morphology. As the fluorine
ontent increased, the particle size increased from 2 to 8 �m
n diameter. A similar morphological change was previously
eported in the F-doped LiMn2O4 system [22,23]. It is well
nown that LiF is an effective mineralizing agent, the small
uantity of LiF could accelerate the crystal growth of spinel pow-
ers with an enlarged particle size. This indicates that the particle
hape and size of the as-prepared powders could be controlled
y the doped fluorine content. Thus, these results suggest that
he well-developed crystal structure and uniform particle size
istribution of Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz could be

ynthesized by the sol–gel process. The regular morphology
f the synthesized powders is expected to improve the electro-
hemical properties, resulting in high specific capacity and good
yclability.

F
O

]O2−zFz. (a) z = 0; (b) z = 0.02; (c) z = 0.05; (d) z = 0.1.

In order to study the influence of Al–F co-substitution on
he electrochemical performance, the cells were operated at a
harge/discharge current density of 16 mA−1 g at room tem-
erature. Fig. 3 shows the initial charge–discharge profile of
he Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1) pow-
er. Charge–discharge capacity and capacity retention ratio of
he samples are tabulated in Table 2. As can be seen from
he figures, all cells showed quite smooth and monotonous
ig. 3. Initial charge–discharge profile of Li[Ni0.333Co0.333Mn0.293Al0.04]

2−zFz. operated at 16 mA−1 g from 3 to 4.3 V.
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Table 2
Charge–discharge capacity of Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz

z First charge
capacity (mAh−1 g)

First discharge
capacity (mAh−1 g)

First loss capacity
(mAh−1 g)

First discharge
efficiency (%)

20th discharge
capacity (mAh−1 g)

20th capacity
retention (%)

0 184 165 19 90.1 143 84.6
0.02 177 161 15 91.0 145 90.1
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.05 171 158 13

.1 139 130 9

egion [2]. And then the voltage curves monotonously increased
o 4.3 V, which was similar to that observed by Ohzuku and co-
orkers [6]. The F-free Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz

z = 0) electrodes showed a charge capacity of 184 mAh−1 g
nd discharge capacity of 165 mAh−1 g in the initial cycle, for
hich the efficiency corresponds to 90.1%. The obtained capac-

ty was considerably higher than that of Li(Ni1/3Co1/3Mn1/3)O2
btained by Kobayashi et al. (160 mAh−1 g) based on the cut-
ff voltages of 2.5–4.6 V. As the fluorine content increased,
he discharge capacities were decreased. The discharge capac-
ty of 161, 158 and 130 mAh−1 g, respectively, were obtained
t the first cycle for z = 0.02, 0.05, 0.1. However, the coulom-
ic efficiencies were greatly improved with the increase in
uorine content. Maybe a strong covalent of Li–F exists in
i[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz so that intercalation of
i+ ions will be perturbed by the strong bond, which led to the
ecrease of initial capacity [9].

As was reported [7], when the cell was charged over
.3 V, the electrolyte is decomposed, which can cause safety
roblems. However, in the above results, although the
harge/discharge processes of batteries were conducted from
.0 to 4.3 V, the capacity of the battery with the Al–F co-
oped samples as cathode-active material was similar to that
f Li(Ni1/3Co1/3Mn1/3)O2 obtained between 2.5–4.6 V. Conse-
uently, Al–F co-substitution can effectively inhibit decompo-
ition of the electrolyte and improve the safety of the batteries.

Fig. 4 compares the discharge capacity with cycle num-

er of the Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1)
owder for different content of fluorine. Although the F-
ree Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz (z = 0) electrodes
ad the highest initial discharge capacity, they showed abrupt

ig. 4. Discharge capacity vs. cycle number of Li[Ni0.333Co0.333Mn0.293

l0.04]O2−zFz. operated at 0.1 C rate from 3 to 4.3 V at room temperature.

m
t
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e
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P
D
N
C

92.4 150 94.9
93.1 127 97.7

ecrease in capacity during cycling and the capacity reten-
ion was 84.6% at the 20th cycle. On the contrary, the F-
oped samples showed better cycle performance though they
ad lower initial capacities. Among the F-doped samples,
i[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05 displayed the high-
st discharge capacity and had no significant capacity loss
uring cycling. The discharge capacity reached 150 mAh−1 g
nd the capacity retention was 94.9% at the 20th cycle.
oreover, as we can see after 13 cycles, the obtained dis-

harge capacity of Li[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05
as even higher than that of the F-free sample. From these

esults, Al–F co-doping of Li(Ni1/3Co1/3Mn1/3)O2 is an effec-
ive means to substantially enhance cyclability during cycling,
nd Li[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05 has good elec-
rochemical performance for lithium ion batteries.

. Conclusions

Al–F co-substituted layered Li[Ni0.333Co0.333Mn0.293
l0.04]O2−zFz (0 ≤ z ≤ 0.1) materials have been successfully

ynthesized by the sol–gel process. All samples had a
exagonal �-NaFeO2 structure and no impurity–related
eaks. As the fluorine content increased, the lattice parame-
ers increased monotonously. The particle size of Li[Ni0.333
o0.333Mn0.293Al0.04]O2−zFz tended to increase with increasing

-values.
The Li[Ni0.333Co0.333Mn0.293Al0.04]O2−zFz (0 ≤ z ≤ 0.1)

aterials showed good electrochemical performance. Though
he F-doped samples had lower initial capacities, they showed
etter cycle performance compared to the F-free sample.
he Li[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05 electrode deliv-
rs an initial discharge capacity of 158 mAh−1 g between

and 4.3 V at a current density of 16 mA−1 g at room
emperature, and the capacity retention at the 20th cycle
as 94.9%. The outstanding electrochemical properties of
i[Ni0.333Co0.333Mn0.293Al0.04]O1.95F0.05 make it a promising
athode material for lithium-ion batteries.
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