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a b s t r a c t

SrF2-coated LiNi1/3Co1/3Mn1/3O2 cathode materials with improved cycling performance over 2.5–4.6 V
were investigated. The structural and electrochemical properties of the materials were studied using X-
ray diffraction (XRD), scanning electron microscope (SEM), charge–discharge tests and electrochemical
impedance spectra (EIS). The results showed that the crystalline SrF2 with about 10–50 nm particle size is
eywords:
rF2

iNi1/3Co1/3Mn1/3O2 cathode material
oating

uniformly coated on the surface of LiNi1/3Co1/3Mn1/3O2 particles. As the coating amount increased from
0.0 to 2.0 mol%, the initial capacity and rate capability of the coated LiNi1/3Co1/3Mn1/3O2 decreased slightly
owing to the increase of the charge-transfer resistance; however, the cycling stability was improved by sup-
pressing the increase of the resistance during cycling. 4.0 mol% SrF2-coated LiNi1/3Co1/3Mn1/3O2 showed
remarkable decrease of the initial capacity. 2.0 mol% coated sample exhibited the best electrochemical
performance. It presented an initial discharge capacity of 165.7 mAh g−1, and a capacity retention of 86.9%
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after 50 cycles at 4.6 V cut

. Introduction

Recently, LiNi1/3Co1/3Mn1/3O2 has been considered to be one
f the most attractive cathode materials due to its high capac-
ty, safety and low cost. It presents a high specific capacity
f ∼160 mAh g−1 over 2.5–4.4 V, moderate thermal behavior at
harged state, and good cycleability even at 5 C rate [1–4]. In addi-
ion, the high power pulse capability and the accelerated aging
est of C/LiNi1/3Co1/3Mn1/3O2 cells show that LiNi1/3Co1/3Mn1/3O2
s more suitable for lithium-ion batteries in the HEV application [4].

When charged up to 4.6 V, LiNi1/3Co1/3Mn1/3O2 can deliver a
apacity of ∼184 mAh g−1, however its capacity fading becomes
ore serious than that over 2.5–4.4 V [5]. In addition, our

xperiment showed that when charged up to 4.6 V, the
/LiNi1/3Co1/3Mn1/3O2 cell swelled markedly due to more gas gen-
ration. The electrolyte decomposition is speculated to be main

eason for the deteriorated performance.

The surface coating has been proved to be an effective method to
educe the electrolyte decomposition on surface of cathode mate-
ials. Metal oxides, such as Al2O3, ZrO2, ZnO, TiO2 and SiO2, have
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een reported to be effective materials for this purpose for the coat-
ng of LiMn2O4, LiCoO2, LiNiO2 etc. [6–14]. To improve the cycling
erformance, the surface treatment of LiNi1/3Co1/3Mn1/3O2 with
iO2 has been investigated in our previous study [15]. Most of the
etal oxides coating materials such as Al2O3, ZrO2, ZnO and SiO2,

annot remain stable under the corrosion of HF [16–18]. Consid-
ring that the Al2O3 coating layer acted as a HF scavenger, which
eads to the less decomposition of the cathode particle by form-
ng AlF3 on the surface of Al2O3 coating layer, Sun et al. [17] firstly
eported the effect of surface modification of LiCoO2 by AlF3 on
lectrochemical performance at higher cut-off voltage up to 4.5 V.
he AlF3 coating layer, which reduces the formation of LiF films
hat increases the cathode/electrolyte interfacial impedance, sup-
resses Co dissolution by covering LiCoO2 surface from HF attack,
nd improves the capacity retention of LiCoO2 at 4.5 V cut-off
ycling. AlF3 coating for the improvement of the electrochemi-
al properties of LiNi1/3Co1/3Mn1/3O2 [18] and LiNi0.8Co0.15Al0.05O2
19] has also been reported. However, AlF3 coating is carried out
y precipitation method at 80 ◦C [17–19], and this is inconve-
ient. However, SrF2, with better stability in HF, should be an
lternative fluoride coating material, because SrF2 coating by pre-
ipitation method can be carried out at room temperature due to its

nsolubility in cold water [16]. Our research showed that SrF2 coat-
ng can improve the cycling performance of LiMn2O4 at elevated
emperatures by reducing the electrolyte decomposition and also
uppressing Mn dissolution by covering LiMn2O4 surface from HF
ttack [20].
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Fig. 1. XRD patterns of the SrF2-coated LiNi1/3Co1/3Mn1/3O2 samples (* SrF2).

In this study, surface coating of LiNi1/3Co1/3Mn1/3O2 by SrF2 was
ttempted to improve the cycleability at 4.6 V cut-off cycling. The
ffect of coating amount on the structural and electrochemical per-
ormance of the spherical LiNi1/3Co1/3Mn1/3O2 was investigated.
. Experimental

The spherical LiNi1/3Co1/3Mn1/3O2 was prepared by a controlled
o-precipitation. To prepare the SrF2-coated sample, as-prepared

a

o

a
o

Fig. 2. SEM images of (a) pristine, (b) SrF2-coated LiNi1/3Co1/3Mn1/3O2 powde
rces 190 (2009) 149–153

iNi1/3Co1/3Mn1/3O2 powders were suspended in the Sr(NO3)2
lcohol solution, followed by the addition of NH4F alcohol solution
ith drops into the suspension solution. The molar ratio of Sr to F
as fixed to 2 and the amounts of SrF2 in the solution were set to 0.5,

.0, 2.0, and 4.0 mol% of the LiNi1/3Co1/3Mn1/3O2 powders, respec-
ively. After the solutions containing the cathode powders were
onstantly stirred at 60 ◦C for 2 h, the coated powders were filtrated
nd heated at 400 ◦C under N2 for 5 h before further processing.

Powder X-ray diffraction (XRD7000) was used to character-
ze the structure of the powders. Particle morphology of the
owders was observed using a scanning electron microscope
SEM; HITCHI-s3500). The electrochemical characterization was
erformed using CR2032 coin-type test cells. The cell consisted
f a cathode with the composition of 88 wt.% active mate-
ials, 6 wt.% carbon black, and 6 wt.% PVDF, a lithium metal
node separated by a Celguard 2400 microporous film. The
lectrolyte was 1.15 mol L−1 LiPF6/EC + DMC + DEC (3:3:1, v/v/v).
he charge–discharge tests were galvanostatically performed
ver 2.5–4.6 V at different current densities. The electrochemical
mpedance spectra (EIS) tests were conducted using electrochemi-
al workstation (IM6ex) in the frequency range 100 KHz to 10 mHz
ith an ac signal amplitude of 5 mV.

. Results and discussion

Fig. 1 shows XRD patterns of the pristine and SrF2-coated
iNi1/3Co1/3Mn1/3O2 powders. The pristine powders are confirmed
o be well-defined single phase with order layered structure. The
attice parameters a and c of the sample are determined to be 2.860
nd 14.249 ´̊A, respectively. These data match well with the values

bserved by Ohzuku and Makimura (a = 2.867 ´̊A and c = 14.246 ´̊A) [1]

nd Shaju et al. (a = 2.864 ´̊A and c = 14.233 ´̊A) [2]. It is obvious that all
f the SrF2-coated LiNi1/3Co1/3Mn1/3O2 samples show similar lines

rs, (c) EDAX spectra dot map of Sr on the LiNi1/3Co1/3Mn1/3O2 particle.
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Fig. 3. EDAX spectrum of the SrF2-coated LiNi1/3Co1/3Mn1/3O2 powders.

s that of the pristine one. The SrF2 lines can be detected when the
oating amounts over 2.0 mol %. However, the lattice parameters of
iNi1/3Co1/3Mn1/3O2 show no detectable changes before and after
oating, indicative of that the coating does not affect the structure of
iNi1/3Co1/3Mn1/3O2, and SrF2 exists as a separate crystalline phase
n the LiNi1/3Co1/3Mn1/3O2 particle surface.

Fig. 2 shows the morphologies of the pristine and 2.0 mol% SrF2-
oated LiNi1/3Co1/3Mn1/3O2 powders. The crystal faces and edges
xisting on the surface of the pristine LiNi1/3Co1/3Mn1/3O2 are very
lear. In comparison, surface morphologies of the SrF2-coated sam-
le become smooth and blurry, and most of the crystal faces and
dges are covered by fine SrF2 particles with about 10–50 nm par-
icle size. Fig. 2c clearly reveals that Sr is uniformly distributed on
he surface of LiNi1/3Co1/3Mn1/3O2 particles. Fig. 3 shows energy-
ispersive analysis by X-ray (EDAX). It was also readily observed
hat Sr existed on the surface of LiNi1/3Co1/3Mn1/3O2 particles.

Fig. 4 shows the first charge–discharge curves for the pristine
nd of SrF2-coated LiNi1/3Co1/3Mn1/3O2 electrodes over 2.5–4.3 V.
he pristine spherical LiNi1/3Co1/3Mn1/3O2 presents a discharge
apacity of 152.9 mAh g−1. However, the discharge capacities of
rF2-coated LiNi1/3Co1/3Mn1/3O2 samples decrease as the coating
mounts increase. They are 151.2, 148.3, 146.1 and 138.6 mAh g−1
or 0.5, 1.0, 2.0 and 4.0 mol% SrF2-coated samples, respectively. The
ischarge capacity decreases slightly with the increase of coating
mount to 2 mol%, but decreases remarkably to 138.6 mAh g−1 as
he coating amount up to 4 mol%. In addition, SrF2 coating also leads

ig. 4. The first charge–discharge curves for the pristine and various amounts of
rF2-coated LiNi1/3Co1/3Mn1/3O2 electrodes over 2.5–4.3 V.

2
f
a

t

ig. 5. The capacity as function of discharge current for the bare and various
mounts of SrF2-coated LiNi1/3Co1/3Mn1/3O2 electrodes over 2.5–4.3 V.

o the reduction of the rate capability, as shown in Fig. 5. With the
ncrease of the SrF2 coating amount, the polarization (voltage dif-
erence between the charge and the discharge curves) increases.
ecause the SrF2 is inactive, we speculate that the coating may

ncrease the contact resistance of inter-particles and the charge-
ransfer resistance, leading to the decrease of the capacity and rate
apability. Because the increase in polarization of the electrode is
onsistent with the decrease of discharge capacity and rate capa-
ility, we speculate that the decrease of discharge capacity and
ate capability of SrF2-coated samples is related to the increase
f electrochemical resistance. Because of low capacity of 4.0 mol%
rF2-coated sample, further studies on cycling performance is car-
ied out only for 0.0–2.0 mol% SrF2-coated sample.

With the increase of coating amount of SrF2 from 0 to 2.0 mol%,
he discharge capacity and rate capability of LiNi1/3Co1/3Mn1/3O2
ecrease slightly, but the cycleability of LiNi1/3Co1/3Mn1/3O2 is

mproved, as shown in Fig. 6. When charge–discharged between 2.5
nd 4.6 V for 50 cycles, the uncoated sample shows very fast capac-
ty fading, and only 79.3% of its initial capacity remains. However,
.0 mol% SrF2-coated sample exhibits the best electrochemical per-

ormance. It presents an initial discharge capacity of 165.7 mAh g−1,
nd a capacity retention 86.9% after 50 cycles.

In order to elucidate the change in electrochemical proper-
ies after SrF2 coating, EIS analysis of the composite electrodes

Fig. 6. Cycling performance of SrF2-coated LiNi1/3Co1/3Mn1/3O2 samples.
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Fig. 7. EIS spectra of SrF2-coa

s carried out. Fig. 7 shows the Nyquist plots of the pristine
iNi1/3Co1/3Mn1/3O2 and the 0.5, 1.0 and 2.0 mol% SrF2-coated
iNi1/3Co1/3Mn1/3O2 samples at different charged state, respec-
ively. A semicircle is observed for all samples in the high frequency
omain, and its origin is ascribed to the lithium ion migration
hrough the interface between the surface layer of the particles and
he electrolyte. The calculated surface layer resistance (Rf) data are
hown in Fig. 8. The increase of the coating amount leads to the

ncrease of Rf in the case of below 4.3 V, which can be ascribed to
he inactivity of the SrF2. However, Rf changes from about 14 to
2.5 � for the pristine LiNi1/3Co1/3Mn1/3O2 when charged to 4.6 V.
t is obviously larger than that of SrF2-coated samples. The sur-
ace layer comes from the reaction between electrolyte and the

Fig. 8. Surface layer resistance (Rf) of SrF2-coated LiNi1/3Co1/3Mn1/3O2.
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iNi1/3Co1/3Mn1/3O2 samples.

lectrode surface. The reaction can be accelerated at higher volt-
ge due to instability of the delithiated electrode surface, and leads
o the increase of Rf. Although the increase of Rf is not so big, the
urface reaction between electrolyte solution and the electrode sur-
ace during long-term cycling still can lead to the worsening of the
lectrochemical properties of active electrode materials, because
hat common electrolytes in use today decompose at high volt-
ges, forming insoluble products which exhaust Li+ content in
lectrodes, blocking the pores of the electrodes, resulting in the
mpedance increase and gas generation in the cell [21–24]. Fig. 9
hows the Nyquist plots of the pristine and 2.0 mol% SrF2-coated
iNi1/3Co1/3Mn1/3O2 charged to 4.6 V at the 2nd and 50th cycles.
fter 50 cycles, Rf resistance rises from 22 to 54 � for the pris-

ine LiNi1/3Co1/3Mn1/3O2 electrode, while this resistance rises only
rom 24 to 39 � for the 2.0 mol% SrF2-coated electrode. The results
how that SrF2 coating can reduce the surface reaction between
lectrolyte and the electrode surface during long-term cycling.

In addition, a depressed semicircle appears for all samples in
he relatively low frequency region, whose origination could sim-
ly be assigned to the charge-transfer resistance (Rct). It can be
een in Fig. 7 that SrF2 coating layer has remarkable influence on
he charge-transfer resistance. More the SrF2 coating, more the
ct increases. The SrF2 coating increases the charge-transfer resis-
ance, leading to the decrease of the capacity and rate capability
f LiNi1/3Co1/3Mn1/3O2. Especially, as shown in Fig. 9, the increase
n charge-transfer resistance of the pristine LiNi1/3Co1/3Mn1/3O2
t 4.6 V is much larger than that of 2.0 mol% SrF2-coated sam-
le during cycling. The charge-transfer resistance of the pristine
iNi1/3Co1/3Mn1/3O2 is about 300 � at 2nd cycle, but it dramati-

ally increases to about 820 � at 50th cycle. On the other hand, the
ncrease of Rct for the 2.0 mol% SrF2-coated electrode is unobvious
uring cycling. The results indicate that SrF2 coating on the sur-

ace of LiNi1/3Co1/3Mn1/3O2 can effectively suppress the increase of
harge-transfer resistance during cycling in 2.5–4.6 V.
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Fig. 9. EIS spectra of (A) bare and SrF2-coated LiNi1/3Co1/3Mn1/3O2 samples

The abrupt increase in charge-transfer resistance of the
iNi1/3Mn1/3Co1/3O2 during cycling has been reported, and consid-
red as main reason for capacity fading [25,26]. ZrO2 coating [25]
nd LiF addition [26] have been reported to effectively suppress the
ncrease in charge-transfer resistance, and improve the cycling per-
ormance of LiNi1/3Mn1/3Co1/3O2. The improved cycling behavior of
he AlF3-coated LiNi1/3Co1/3Mn1/3O2 [18] and LiNi0.8Co0.15Al0.05O2
19] materials is also attributed to the stable interfacial resistance
etween the cathode and the electrolyte. Because AlF3 is very resis-
ant to HF solution, the reason for the stable interface between the
athode and the electrolyte is suggested to be that the AlF3 coating
ayer acts as a stabilizer and hence protects the oxide structure from
amage during long-term cycling. In this study, SrF2 coating on the
urface of LiNi1/3Co1/3Mn1/3O2 can effectively suppress the increase
f total resistance (especially in the charge-transfer resistance) dur-
ng cycling in 2.5–4.6 V, which contributes to the improved cycling
erformance. It is speculated that the stable interface between the
athode and the electrolyte is also attributed to the SrF2 coating
ayer acting as a stabilizer, because SrF2 is also very resistant to HF
olution. The stability of SrF2 coating layer on improving the cycling
erformance of LiMn2O4 at elevated temperatures has been proved

n our previous work [20].

. Conclusions

SrF2-coated LiNi1/3Co1/3Mn1/3O2 were prepared at room tem-
erature. The crystalline SrF2 with about 10–50 nm particle size
niformly distributes on the surface of LiNi1/3Co1/3Mn1/3O2 par-
icles. The coating leads to the slight decrease of both initial
apacity and rate capability owing to the increase in charge-
ransfer resistance, but it improves the cycling performance over
.5–4.6 V by suppressing the increase of total resistance (espe-
ially in the charge-transfer resistance) during cycling. The study
as demonstrated that 2.0 mol% SrF2-coated sample exhibits the
est electrochemical performance. It presents an initial discharge

apacity of 165.7 mAh g−1, and 86.9% of initial capacity retention
fter 50 cycles. Therefore, the electrochemical properties of a pris-
ine LiNi1/3Co1/3Mn1/3O2 cathode, which has many advantages over
ommercial LiCoO2, can be further enhanced by a 2.0 mol% SrF2
oating.
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d to 4.6 V at different cycles of the 2nd and 50th, (B) expanded view of (A).
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