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bstract

Li[Ni0.8Co0.15Al0.05]O2 particles are modified with AlF3 as a new coating material. Even though the initial discharge capacity of the coated

i[Ni0.8Co0.15Al0.05]O2 is almost the same as that of the pristine material, the capacity retention and the thermal stability, in a highly oxidized state
re both significantly improved. This effect is attributed to the thin AlF3 coating layer protecting the oxidized cathode particles from attack by
ydrogen fluoride in the electrolyte.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Present-day Li-ion batteries commonly use LiCoO2-based
athode materials. Due to the high cost of LiCoO2 and environ-
ental issues concerning Co, there have been extensive efforts

o replace this material with a less expensive alternative such
s LiNiO2. The latter has several disadvantages, however, such
s low-thermal instability and surface transformation resulting
rom reaction with the electrolyte during cycling [1–3]. Many
esearch groups have substituted Ni by other metals in order to
vercome the above problems [4–6]. One of the most promising
aterials is Li[Ni1−xMx]O2 (M = Co and Al) [7–9]. The substi-

ution of Ni by Co and Al improves the structural stability of the
xide, but the thermal instability of Li1−δ[Ni1−x−yCoxAly]O2

emains an issue. It has been observed that commercial Li-
on cells using a Li1−δ[Ni1−x−yCoxAly]O2 cathode suffer from
iolent thermal runaway at around 210 ◦C.

∗ Corresponding author. Tel.: +82 2 2220 0524; fax: +82 2 2282 7329.
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One approach to improve the electrochemical and thermal
roperties of the cathode materials is to coat their surfaces
ith metal oxides (e.g., Al2O3, ZrO2, ZnO, MgO) [10–12].
lthough coating technology has been found to be very effec-

ive in enhancing the electrochemical performance of cathode
aterials, the reason for this improvement is still not fully

nderstood. Extensive studies have been carried out to develop
ew coating species and coating methods [13,14]. Recently,
ur group reported that an aluminum fluoride (AlF3) coating
n LiCoO2 and Li[Ni1/3Co1/3Mn1/3]O2 oxide improves both
ycling performance and rate capability at a high cut-off volt-
ge, i.e., above 4.5 V [15,16]. This study reports the effect of
lF3 coating on the electrochemical and thermal properties of
i[Ni0.8Co0.15Al0.05]O2.

. Experimental
To coat the surface of Li[Ni0.8Co0.15Al0.05]O2 with AlF3,
mmonium fluoride (Aldrich) and aluminum nitrate nonahy-
rate (Aldrich) were separately dissolved in distilled water. The
i[Ni0.8Co0.15Al0.05]O2 powder was immersed in the aluminum

mailto:yksun@hanyang.ac.kr
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itrate solution followed by slow addition of the ammonium flu-
ride solution into the mixture. The molar ratio of F to Al was
aintained at 1:7 and the amount of AlF3 in the solution corre-

ponded to 0.25 mol% of the Li[Ni0.8Co0.15Al0.05]O2 powder.
he solution containing the active material was stirred constantly
t 80 ◦C for 24 h; this was accompanied by a slow evapora-
ion of solvent. The resulting Li[Ni0.8Co0.15Al0.05]O2 powders
ere heated at 400 ◦C for 5 h in flowing nitrogen to avoid the

ormation of Al2O3.
The surface of the AlF3-coated powder was examined by

eans of transmission electron microscopy (TEM, JEOL 2010).
harge–discharge tests were performed with 2032 coin type
ells. The cell consisted of a pristine or AlF3-coated cathode and
lithium metal anode separated by a porous polypropylene film.
or fabrication of the cathode, the prepared powders were mixed
ith carbon black and polyvinylidene fluoride (85:7.5:7.5) in N-
ethylpyrrolidinon. The slurry thus obtained was coated on Al

oil and roll-pressed at 120 ◦C in air. The electrolyte solution
as 1 M LiPF6 in a mixture of ethylene carbonate and diethyl

arbonate (1:1 in volume, Cheil Industries Inc., Korea).
For differential scanning calorimetry (DSC) studies, fully

harged cells were transferred to an argon-filled glove box and
hen opened to recover the electrodes. The excess electrolyte
as removed from the surface of the electrode and the elec-

rode materials were recovered from the current-collector. A
tainless-steel sealed pan with a gold-plated copper seal was
sed to collect 5–7 mg of the charged cathode. The weight of
ach sample (pan + sample) was measured before and after each
SC experiment to verify that the system was hermetically

ealed. The weight was constant in all cases, which indicated
hat there were no leaks during the experiments. The DSC runs
ere performed at a scan rate of 10 ◦C min−1. The enthalpy of

he reaction was determined by integrating a peak of interest in
he plot of power versus time.

. Results and discussion
Transmission electron images of the Li[Ni0.8Co0.15Al0.05]O2
owders are shown in Fig. 1. The pristine material has a
ery smooth surface. On the other hand, a nanoscale-AlF3

c
f
t
a

Fig. 1. Transmission electron micrographs of (a) pristine an
Sources 179 (2008) 347–350

omogeneous layer with a thickness of 10 nm is clearly
een on the surface of Li[Ni0.8Co0.15Al0.05]O2 particles as
hown in Fig. 1b. Though not presented here, the powder
-ray diffraction patterns show no changes in the structure

or the pristine (a = 2.862(3) Å, c = 14.171(7) Å) and coated
aterials (a = 2.862(2) Å, c = 14.171(7) Å), which implies that

he AlF3 is amorphous and is not incorporated into the
i[Ni0.8Co0.15Al0.05]O2 host structure. The grainy uniform con-

rast of the AlF3 coating layer further indicates that the AlF3
oating layer is amorphous or has low crystallinity [15].

The voltage versus capacity profiles of Li/pristine and AlF3-
oated Li[Ni0.8Co0.15Al0.05]O2 during 50 cycles are given in
ig. 2. The cells were first activated by applying a current den-
ity of 0.2 C-rate (36 mA g−1) for two cycles and then cycled
t 0.5 C-rate (90 mA g−1) between 3.0 and 4.3 V versus Li/Li+.
or discharge curves at the 0.2 and 0.5 C-rates, it can be clearly
bserved that a slight capacity variation occurs for the AlF3-
oated Li[Ni0.8Co0.15Al0.05]O2. By contrast, there is an abrupt
apacity loss with the pristine sample. The initial discharge
apacity of the pristine Li[Ni0.8Co0.15Al0.05]O2 is 183 mAh g−1,
hereas the AlF3-coated Li[Ni0.8Co0.15Al0.05]O2 delivers a

apacity as high as 188 mAh g−1. The cycling behaviour of
he AlF3-coated Li[Ni0.8Co0.15Al0.05]O2 is quite stable show-
ng good capacity retention (96% of its initial capacity after
0 cycles). On the other hand, the pristine electrode showed
gradual decrease in capacity, resulting in relatively poor

apacity retention (86.5% of its initial capacity). The pris-
ine Li[Ni0.8Co0.15Al0.05]O2 electrode also showed a significant
oltage drop during cycling compared with the first dis-
harge curve shown in Fig. 2a. Recently, we reported that the
lF3 coating on LiCoO2 and Li[Ni1/3Co1/3Mn1/3]O2 was also

ffective in enhancing the electrochemical properties (such as
apacity retention and rate capability) at a high cut-off volt-
ge of 4.5 V versus Li metal [14,15]. The much improved
ycling behaviour of the AlF3-coated materials is attributed
o the lower and stable interfacial resistance between the

athode and the electrolyte. It is suggested that the reason
or the stable interface between the cathode and the elec-
rolyte is that the AlF3 coating layer acts as a stabilizer
nd hence protects the oxide structure from damage during

d (b) AlF3-coated Li[Ni0.8Co0.15Al0.05]O2 powders.
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3-coated Li[Ni0.8Co0.15Al0.05]O2 as a function of cycle number.
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Fig. 2. Charge–discharge curves of (a) pristine and (b) AlF

epetitive Li+ de-lithiated intercalation into the host struc-
ure.

The rate capability of the cathode materials is an important
ariable in judging their use in commercial lithium secondary
atteries. Fig. 3 shows the discharge curves for the Li/pristine
nd AlF3-coated Li[Ni0.8Co0.15Al0.05]O2 cells as a function
f various C-rates (36–900 mA g−1) between 3.0 and 4.3 V.
he cells were charged galvanostatically with a current den-
ity of 36 mA g−1 (0.2 C-rate) before each discharge test and
hen discharged at current densities from 36 mA g−1 (0.2 C-
ate) to 900 mA g−1 (5 C-rates). It is clearly observed that the
lF3-coated Li[Ni0.8Co0.15Al0.05]O2 cell has improved capac-

ty retention over the tested C-rate range. Also, the capacity
etention of the AlF3-coated oxide cathodes is improved sig-
ificantly. For example, AlF3-coated Li[Ni0.8Co0.15Al0.05]O2
hows a capacity retention of 96.5 and 75.8% at the 1 and 5 C-
ates, respectively, compared with corresponding values of 96
nd 59% for pristine Li[Ni0.8Co0.1Mn0.1]O2. From these results,
t is reasonable to conclude that a uniform AlF3 coating layer
n Li[Ni0.8Co0.1Mn0.1]O2 plays a significant role in facilitat-
ng Li+ transport from the electrolyte to the cathode as a result

f the reduced interfacial resistance [14]. Also, a thin AlF3
oating layer prevents the cathode particles from coming into
irect contact with HF in the electrolyte and thus suppresses the
ecomposition of the cathode active material [16].

ig. 3. Discharge curves for (a) Li/pristine and (b) AlF3-coated
i[Ni0.8Co0.15Al0.05]O2 cells as a function of C-rate.
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ig. 4. Differential scanning calorimetry curves of (a) Li/pristine and (b) AlF3-
oated Li[Ni0.8Co0.15Al0.05]O2 cells charged to 4.3 V.

The thermal stability of cathode materials, especially in a
ighly de-lithiated state, is an important concern for their prac-
ical application. Fig. 4 presents the DSC data of Li/pristine
nd AlF3-coated Li[Ni0.8Co0.15Al0.05]O2 cells charged to 4.3 V.
ells using the pristine oxide show a large exothermic peak
t 227 ◦C with an onset of decomposition near 180 ◦C; the
eaction heat generation is 2152 J g−1. The thermal stability of
he AlF3-coated Li1−δ[Ni0.8Co0.15Al0.05]O2, on the other hand,
s greatly improved; the onset of decomposition is shifted to
35 ◦C. The exothermic reaction heat generation is 1656 J g−1,
hich is significantly smaller than for the pristine oxide cath-
de. As discussed before, the improved thermal stability of the
lF3-coated Li1−δ[Ni0.8Co0.15Al0.05]O2 can be attributed to a

hin AlF3 coating layer, which plays a protective role in pre-
enting the cathode particles from being attacked by HF in the
lectrolyte solution and hence suppresses the release of oxygen
rom the host lattice [15,16].

. Conclusions

Li[Ni0.8Co0.15Al0.05]O2 particles have been coated with

lF3 as a new coating material to improve their electrochemi-

al performance. The AlF3-coated Li[Ni0.8Co0.15Al0.05]O2 has
apacity retention of 96% during 50 cycles, while the pristine
xide exhibits a capacity retention of only 86.5%. Also, rate
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apability and thermal stability at a highly oxidized state of the
lF3-coated Li[Ni0.8Co0.15Al0.05]O2 are remarkably enhanced.
he improved electrochemical performance is attributed to

he thin AlF3 coating layer de-lithiated preventing the highly
e-lithiated cathode from being in direct contact with the liq-
id electrolyte and thus suppressing decomposition of cathode
ctive material by HF in the electrolyte.
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