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bstract

LiNi0.5Co0.44Fe0.06VO4 cathode material has been synthesized by a citric acid:polyethylene glycol polymeric method at 723 K for 5 h in air.
he surface of the LiNi0.5Co0.44Fe0.06VO4 was coated with various wt.% of Al2O3 by a wet chemical procedure and heat treated 873 K for 2 h

n air. The samples were characterized by XRD, FTIR, SEM, and TEM techniques. XRD patterns expose that the complete crystalline phase
ccurred at 723 K and there was no indication of new peaks for the coated samples. FTIR spectra show that the complete removal of organic
esidues and the formation of LiNi0.5Co0.44Fe0.06VO4. TG/DTGA results reveal that the formation of LiNi0.5Co0.44Fe0.06VO4 occurred between
80 and 670 K and the complete crystalline occurred at 723 K. SEM micrographs show the various morphological stages of the polymeric
ntermediates. TEM micrographs of the pristine LiNi0.5Co0.44Fe0.06VO4 reveal that the particle size ranged from 130 to 150 nm and Al2O3 coating
n the fine particles was compact and had an average thickness of about 15 nm. The charge–discharge experiments were carried out between
.8 and 4.9 V (versus Li) at a current rate of 0.15 C. The 1.0 wt.% Al2O3 coated sample had the best electrochemical performance, with an

nitial capacity of 65 mAh g−1 and capacity retention of 60% after 50 cycles. The electrochemical impedance behavior suggests that the failure
f pristine cathode performance is associated with an increase in the impedance growth on the surface of the cathode material upon continuous
ycling.

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

In recent years, the need for a lithium ion battery with high
oltage and high energy density has become more urgent because
f proliferation of advanced portable electronic devices and
ybrid vehicles. Transition metal oxides are the most commonly
sed cathodes in lithium rechargeable batteries because of their
haracteristic high voltage and high volumetric energy density.
olyanionic vanadate, phosphate and molybdate based materials
ave attracted a great deal of attention, including inverse spinel
iMVO4 (M = Co, Ni) structured cathode materials, by Fey et

l. [1–6], that have superior electrochemical properties, such
s high voltage near 5.0 V (LiNiVO4) and 4.5 V (LiCoVO4),
ompared to the commercially available cathode materials. The

∗ Corresponding author. Tel.: +886 3 425 7325; fax: +886 3 425 7325.
E-mail address: gfey@cc.ncu.edu.tw (G.T.-K. Fey).
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tructure consists of Li+ ions residing in octahedral sites and
o2+, Ni2+ ions and V5+ ions distributed both in octahedrally
nd tetrahedrally coordinated sites.

The electrochemical performance of these materials was
ound to be different in the 5 V region, which is significant
ince it implies that the presence and sites of nickel atoms in
n inverse spinel structure may play an important role in the
oltage behavior of these materials. Therefore, several investi-
ations [7–9] on the mixed solid solution of lithium transition
etal vanadates of Co2+ and Ni2+ have been carried out. These
iCoyNi1−yVO4 compounds also adopted an inverse spinel
tructure. Schoonman et al. [10–12] demonstrated by doping Cu,
r and Fe into LiCoVO4 cathode material to improve electronic
onductivity as well as electrochemical performance. Hence,

e focused our attention to obtaining a mixed composition of
iNi0.5Co0.44Fe0.06VO4 by partial substitution of Ni2+ in the
ctahedral sites by Co2+. Fe2+ ions may have an advanced effect
n its structural and electrochemical properties.

mailto:gfey@cc.ncu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.02.008
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The mixed solid solution materials possessed better initial
harge capacity, but the capacity retention was deprived. These
igh-voltage cathode materials are also strong oxidizers that
ay create electrolyte degradation problems. Recently, many

esearchers have studied the surface treatment of electrode active
aterials with inert metal oxide to improve both the cycle sta-

ility and rate capability of electrode materials at room and high
emperatures. Several works have extensively studied both lay-
red and spinel oxides for improvements in cycling stability
y the surface coating technique. Al2O3 [13–18], MgO [19],
iO2 [17,20], ZrO2 [17,20], and SiO2 [21] coated to the core
aterial confirmed the enhanced cycling behavior of the cath-

de. The improved cycling performance and capacity retention
f the high fracture-tough coated cathode is assumed to result
rom the shielding of 3d metal ion diffusion and dissolution into
he electrolyte.

In this work, for the first time we have attempted to synthe-
ize LiNi0.5Co0.44Fe0.06VO4 by a citric acid:polyethylene glycol
CA:PEG) polymeric method and coat the core material with

arious wt.% of Al2O3 by a wet chemical process. The polymeric
omplex derived products were characterized by various tech-
iques and their capacity, cycle stability and impedance growth
ere construed with respect to cycle number.

f
t
t
p

Scheme 1. Schematic for the LiNi0.5Co0.44Fe0.06V
ources 160 (2006) 1294–1301 1295

. Experiment

LiNi0.5Co0.44Fe0.06VO4 cathode material was synthesized
y a CA:PEG polymeric method. In the synthesis pro-
ess, the molar ratio of CA:PEG was 3:1. According to
he stoichiometric composition, specific amounts of Li2CO3,
iCO3·2Ni(OH)2·4H2O, Co(CH3COO)2·4H2O, FeCl2·4H2O

nd NH4VO3 (Acros Organics, >98%) combined to produce
iNi0.5Co0.44Fe0.06VO4, were dissolved in the deionized water
nder constant magnetic stirring at 353 K. Concentrated citric
cid solution was slowly added drop wise to the above solution,
ollowed by polyethylene glycol with continuous stirring. The
esultant transparent dark brown solution was heated gently at
73 K with continuous stirring for 6 h to remove the excess water.
he solution turns a transparent dark green and was allowed

o form a polymeric gel. Subsequently, the polymeric gel was
eat treated at 423 K in a vacuum oven for 24 h. The dried
orous polymeric precursor was heat treated at a ramping rate
f 2 K min−1 and maintained at 573 K for 3 h in air and 723 K

or 5 h in air, with intermediate grinding. Scheme 1, presents
he schematic illustration of the complete procedure for the syn-
hesis of LiNi0.5Co0.44Fe0.06VO4 cathode material. The same
rocedure was followed to prepare undoped LiNi0.5Co0.5VO4 in

O4 prepared by a CA:PEG polymeric route.
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Fig. 1a–c shows the X-ray diffraction patterns for
LiNi0.5Co0.44Fe0.06VO4, LiNi0.5Co0.5VO4 heat treated at 723 K
for 5 h in air, and the JCPDS 38-1395 data of LiNiVO4, respec-
tively. From Fig. 1a and b, it is evident that the crystalline
296 G.T.-K. Fey et al. / Journal of Po

rder to compare the structural modification with the Fe doped
athode material.

LiNi0.5Co0.44Fe0.06VO4 cathode particles were coated with
.0, 2.5 and 5.0 wt.% of Al2O3 by a wet chemical process.
he synthesized cathode particles were dispersed in a beaker
ontaining 0.1 M solution of NaHCO3 solution and ultrasoni-
ally agitated for 15 min. The suspension was stirred mechan-
cally for 2 h and the calculated amounts of Al(NO3)3·9H2O,
o form 5.0, 2.5 and 1.0 wt.% of Al2O3, were added drop wise
lowly under constant stirring. Subsequently, the dispersed solu-
ion was stirred for 6 h at room temperature. The dispersed
olution was filtered over a Buchner funnel and washed with
ot distilled water, in order to remove any excess base and
ater soluble impurities. The powder was dried for 12 h in
vacuum oven at 423 K and heat treated at 873 K for 2 h in

ir.
Structural analysis and phase purity were demonstrated by a

owder X-ray diffractometer (XRD), Siemens D-5000, Mac Sci-
nce MXP18, equipped with a nickel-filtered Cu-K� radiation
ource (λ = 1.5405 Å). The diffraction patterns were recorded
etween scattering angles of 15◦ and 80◦ in steps of 0.05◦.
ourier transform infrared (FTIR) spectra were recorded at
oom temperature on powdered samples using the KBr wafer
echnique in a Jasco-410 FTIR instrument. The spectra were
ecorded with a resolution of 2 cm−1 in transmittance mode
rom 400 to 4000 cm−1 and corrected for background. The ther-
al analysis (TG/DTGA) measurement was carried out on a
erkin-Elmer TGA-7 series thermal analysis system in air at
heating rate of 20 K min−1 in the temperature range from

23 to 773 K. The surface morphological studies were carried
ut on a Hitachi model S-3500V scanning electron microscope
SEM). The microstructures of the particles were examined by a
EOL JEM-200FXII transmission electron microscope (TEM)
quipped with a LaB6 gun. The sample for TEM study was pre-
ared by dispersing the cathode powder in ethanol, placing a
rop of the clear solution on a carbon-coated copper grid, and
ubsequent drying.

The cathodes for electrochemical studies were prepared by
doctor-blade coating method with a slurry of 85 wt.% coated

ctive material, 10 wt.% conductive carbon black and 5 wt.%
oly(vinylidene fluoride) as a binder, in N-methyl-2-pyrrolidone
NMP), as the solvent for the mixture, which was then applied
nto an etched aluminum foil current collector and dried at 393 K
or 12 h in an oven. The coated cathode foil was then smoothed
y pressing it through stainless-steel twin rollers and cut into
ircular discs 13 mm in diameter.

The electrochemical performance of the above discs were
arried out with coin type cells of the 2032 configuration and
ere assembled in an argon-filled VAC MO40-1 glove box in
hich the oxygen and water contents were maintained below
ppm. Lithium metal (Foote Mineral) was used as the anode and
1M solution LiPF6 in ethylene carbonate:dimethyl carbonate
C:DMC (1:1 v/v) (Tomiyama Pure Chemical Industries) was

sed as the electrolyte with a Celgard membrane as the separator.
he cells charge–discharge cycles were preformed at a 0.15 C

ate between 2.8–4.9 V, at 298 K, in a multi-channel battery tester
Maccor 4000).

F
p
(

ources 160 (2006) 1294–1301

Coin cells fully charged to 4.9 V were subjected to impedance
easurements at 298 K. The impedance spectra were recorded

sing a Schlumberger 1286 electrochemical interface and
requency response analyzer (Model 1255), driven by Cor-
ware software (Scribner Associates). The frequency range was
5 KHz–0.001 Hz and the amplitude of the perturbation signal
as 20 mV. The impedance spectra were analyzed with Z-view

oftware (Scribner Associates).

. Results and discussion

.1. X-ray diffraction
ig. 1. XRD patterns for (a) LiNi0.5Co0.44Fe0.06VO4, (b) LiNi0.5Co0.5VO4 pre-
ared by CA:PEG (3:1) polymeric route and heat treated at 723 K for 5 h and
c) JCPDS (38-1395) LiNiVO4.
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ingle phase material was obtained after calcinations at 723 K
or 5 h in air. The single phase purity of the synthesized
iNi0.5Co0.44Fe0.06VO4 and LiNi0.5Co0.5VO4 compounds was

ndexed according to the structure with JCPDS file no. 38-
395, a pattern that belongs to an inverse spinel structure with
d3̄m(O7

h) space group symmetry. The identifying characteris-
ic of an inverse spinel structure is the ratio of intensities of the
1 1 1) Bragg peaks and a strong (2 2 0) line [1].

The presence of transition metal atoms on the tetrahedral
oordinated 8a site leads to an increase in the (2 2 0) inten-
ity at the expense of the (1 1 1) peak. The 0.5 intensity ratio
(2 2 0)/I(3 1 1) Bragg lines indicates the high crystalline nature
f the powders, which were obtained for the samples heat
reated at 723 K. The calculated lattice constant a value for
he LiNi0.5Co0.5VO4 and LiNi0.5Co0.44Fe0.06VO4 samples were
.189 and 8.226 Å, respectively, and are consistent with the
eported pristine LiNiVO4 and LiCoVO4 samples. The increased
attice constant of the LiNi0.5Co0.44Fe0.06VO4 sample may be
ue to the substitution Co2+ ions by a large ionic radius of Fe2+

ons in the tetrahedral sites.
Fig. 2a and b shows the X-ray diffraction patterns for 1.0 wt.%

l2O3 coated LiNi0.5Co0.44Fe0.06VO4 synthesized at 873 K for
h in air and a pristine sample, respectively. The XRD peak
ositions were the same and there was no appearance of any new
hase peak corresponding to the Al O . Hence, from the XRD
2 3
esults it can be concluded that the surface coated Al2O3 formed
very low concentration and thin layer on the core material, and

o did not reveal any corresponding peak.

ig. 2. XRD patterns for (a) 1.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 and
b) LiNi0.5Co0.44Fe0.06VO4 prepared by CA:PEG (3:1) heat treated at 723 K for
h.

o
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ig. 3. FTIR spectra for the LiNi0.5Co0.44Fe0.06VO4 heat treated at 723 K.

.2. FTIR

Fig. 3, shows the FTIR spectrum for the LiNi0.5Co0.44
e0.06VO4 heat treated at 723 K for 5 h. The citrate and polyethy-

ene complex bands completely disappeared and a pure crys-
alline LiNi0.5Co0.44Fe0.06VO4 compound was formed. There
s a broad strong band in the region 900–550 cm−1 that can be
ssigned to a stretching vibration between the oxygen and V5+

ons of the VO4 tetrahedron, which has A1 symmetry. The band
bserved in the region 900–550 cm−1 is comprised of sub bands
t 894, 852, 794, 727 and 631 cm−1, which were shifted slightly
ompared with the reported values of LiNiVO4 [8]. This shift in
and positions is attributed to substitution of Co and Fe ions in
he lattice. The broadness of the 900–550 cm−1 band could be
entatively explained in terms of the asymmetrical bonding of
he VO4 tetrahedron, in which four types of cations, namely Li,
o, Ni and Fe, may be bonded with each oxygen atom of a VO4

etrahedron. As a result, some symmetry is introduced into the
O4 unit without disturbing the overall cubic symmetry of the
lementary unit cell.
.3. TGA

Fig. 4 shows the TGA and DTGA data curves for the
iNi0.5Co0.44Fe0.06VO4 polymeric precursor. The TGA curve

ig. 4. TGA and DTGA of the LiNi0.5Co0.44Fe0.06VO4 prepared by CA:PEG
3:1) polymeric route.
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hows a step-wise weight loss in the temperature ranges from
23–410 K, 480–598 K, 620–670 K and 690–715 K, but there
as no weight loss after 723 K. The initial weight loss of 4%

s attributed to the loss of water and an excess of free cit-
ic acid and other organic residues. In the temperature range
80–598 K, the decomposition of the complex into interme-
iate and the formation of crystalline LiNi0.5Co0.44Fe0.06VO4
ompound, corresponds to the second stage of weight loss of
4%. From 620-670 K and 690–715 K, the full decomposi-
ion of the intermediate occurs and the complete phase pure
iNi0.5Co0.44Fe0.06VO4 is formed. The major combustion pro-
ess was initiated at 620–670 K, as evidenced by the larger
TGA curves. The weight loss stopped at 723 K and these

esults were supported by XRD results. The 0.5 intensity ratio
f I(2 2 0)/I(3 1 1) Bragg lines indicates the highly crystalline
ature of the sample powder calcined at 723 K for 5 h in air.
he complete formation of crystalline LiNi0.5Co0.44Fe0.06VO4
t 723 K is also confirmed by FTIR and XRD results, which
gree with the results obtained from the TGA/DTGA.

.4. Morphology

.4.1. SEM
Fig. 5a and b, characterizes the SEM micrographs for the

iNi0.5Co0.44Fe0.06VO4 cathode material heat treated at 423 K
or 24 h and 573 K for 3 h, respectively. From Fig. 5a, it is
bserved that the morphology of 423 K heat treated sample con-
ains large particles with sharp edges. Fig. 5b, sample heat treated
t 573 K revealed these large particles started to break up into
ake like structures, due to the decomposition of the complexes
s evidenced from Fig. 4 TGA results. In Fig. 5b, the samples
ere found to be highly porous nature due to the citric acid and
EG polymeric network, in which the metal ions are randomly
istributed.

.4.2. TEM
Fig. 6a and b shows the TEM micrographs of LiNi0.5Co0.44

e0.06VO4 and Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 cath-
de materials, respectively. From Fig. 6a, it is evident that
iNi0.5Co0.44Fe0.06VO4 crystallines are spherical submicron
articles with better dispersivity. The average size of these
ubmicron particle ranges from 130 to 150 nm. During the syn-
hesis, particle aggregation was controlled through citric acid
nd PEG complex network during heat treatment. In Fig. 6b, the
l2O3 coating formed translucent compact layer over the core
iNi0.5Co0.44Fe0.06VO4 particles (dark opaque region) and the

hickness of the coated layer was around ∼15 nm.

.5. Electrochemical properties

.5.1. Galvanostatic cycling
Fig. 7 shows the charge–discharge curves of the

iNi0.5Co0.44Fe0.06VO4 cathode material. The initial charge

apacities of LiNi0.5Co0.44Fe0.06VO4 materials synthesized
ith 3:1 CA:PEG content were 87 mAh g−1 and they dis-

harged 60 mAh g−1. After 10 cycles, the discharge capacity
as 52 mAh g−1 with a cycling efficiency of 80% for the first

n
t
p
s

ig. 5. SEM micrographs of the LiNi0.5Co0.44Fe0.06VO4 powders prepared by
A:PEG (3:1) polymeric route at different temperatures: (a) 423 K (24 h) and

b) 573 (3 h).

0 cycles. We preset a cut-off value of 50% capacity reten-
ion, calculated with the first-cycle discharge capacity of the
espective material, to compare with the number of cycles the
athode materials could sustain. Based on this cut-off regime,
he LiNi0.5Co0.44Fe0.06VO4 synthesized with 3:1 CA:PEG con-
ents could sustain up to 31 cycles. Mai et al. [9] reported
iNi0.5Co0.5VO4 cycling efficiency was 43%. Therefore, the
e doped LiNi0.5Co0.5VO4 in the present study is an improve-
ent over the cycling efficiency of undoped LiNi0.5Co0.5VO4.
herefore, we report that LiNi0.5Co0.44Fe0.06VO4 cathode mate-

ial with the best capacity retention could be synthesized by a
:1 CA:PEG polymeric method.

In our present study, the compound synthesized with 3:1
A:PEG content showed an initial drop in the discharge capac-

ty to 27 mAh g−1. In other words, the irreversible capacity loss
as very high, but its capacity retention was good for fur-

her cycles compared to reported high voltage LiNiVO4 and
iNi0.5Co0.5VO4, cathode materials [1–5,9]. A possible expla-

ation is the expansion of the lattice in the iron doped sample
hat is favorable for the Li+ (de)intercalation process. The com-
osition of the compound, the dopant of Co and Fe ions sub-
tituting for Ni ions, and the preparation method are crucial to
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Fig. 7. Cycling behavior of LiNi0.5Co0.44Fe0.06VO4 cathode material.
Charge–discharge: 0.15 C rate between 2.8 and 4.9 V.
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T
ities of the pristine, 1.0, 2.5 and 5.0 wt.% Al2O3 coated
LiNi0.5Co0.44Fe0.06VO4 materials and also their cycle effi-
ciency. Table 1 illustrates that there may be a large irreversible
capacity loss of the pristine material compared to the coated
ig. 6. TEM micrographs of (a) LiNi0.5Co0.44Fe0.06VO4 heated at 723 K for 5 h
nd (b) 1.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 cathode material heated
t 873 K for 2 h.

btaining a high capacity retention and high voltage cathode
aterial.

Fig. 8 shows the voltage versus capacity plot for 1.0 wt.%

l2O3 coated LiNi0.5Co0.44Fe0.06VO4 sample heated at 873 K,
uring the first 10 cycles at a 0.15 C rate. From Fig. 8,
t is observed that there is a plateau around 4.3 V of the

F
c

ig. 8. Charge–discharge curves between 2.8 and 4.9 V for 1.0 wt.% Al2O3

oated LiNi0.5Co0.44Fe0.06VO4 sample heated at 873 K, during the first 10 cycles
t 0.15 C rate.

harge–discharge profile. Fig. 9, shows the charge–discharge
urves of the pristine LiNi0.5Co0.44Fe0.06VO4 and 1.0,
.5 and 5.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4.
able 1, presents the initial charge and discharge capac-
ig. 9. Cycling behavior of various wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4

athode material. Charge–discharge: 0.15 C rate between 2.8 and 4.9 V.
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Table 1
A comparison of capacity data of the pristine and various wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 cycled between 2.8–4.9 V at 0.15 C rate

Cathode materials Initial charge capacity
(mAh g−1)

Initial discharge
capacity (mAh g−1)

Initial cycle efficiency
(%)

Pristine LiNi0.5Co0.44Fe0.06VO4 87 60 70
1
2
5
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a
a
high frequency semicircle of the cathode materials as a function
of cycle number showed that the resistances of the surface film
on the cathode particles were 24, 83, 163 and 178 � for the 1st,
.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 65

.5 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 64

.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 67

amples. The coated samples also exhibited a lower initial capac-
ty at various coating levels, due to the presence of inactive
l2O3 on the electrode.
From Fig. 9, it is observed that the coating improved the

ycle stability of the cathode material. According to a pre-
et cut-off value of 50 % for the capacity retention, pristine
iNi0.5Co0.44Fe0.06VO4 could sustain just 31 cycles, but the
amples coated with 1.0, 2.5 and 5.0 wt.% sustained 80, 57
nd 68 cycles, respectively. However, when the coating level
as increased further to 2.5 and 5.0 wt.%, the cycle stability
ecreased. At the higher coating level, the cathode particles
ere partially insulated, thereby lowering the capacity utiliza-

ion and cycle stability. The presence of excess coating material
etween the particles could also lower the particle-to-particle
lectronic conductivity, adversely affecting the coulombic effi-
iency. According to Courtright [22], thinner coatings produce
maller cracks that are a factor in controlling the ingress of
olecular species. The 1.0 wt.% Al2O3 coated sample was

ound to possess cycle stability 2.6 times better than the pristine
athode material.

The enhanced cycle stability is attributed the Al2O3 coating
hat shields the surface of the core material against HF attack at
igh voltages up to 4.9 V. Thackeray et al. [23] reported that the
mproved cycle stability of ZrO2 coated LiMn2O4 is because
rO2 acts as an amphoteric surface that scavenges the acidic HF
pecies from the LiPF6 liquid electrolyte. In the present study,
his explanation holds relatively well since Al2O3 is also ampho-
eric oxide. Therefore, it is not surprising that coated samples
ave better cycle stability compared to pristine samples.

.5.2. Electrochemical impedance
Electrochemical impedance spectroscopy (EIS) is a power-

ul method for studying electrochemical mechanisms, especially
n the field of lithium ion batteries [24]. The EIS response for
he pristine and 1.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4
athodes in non-aqueous electrolytes was conducted to under-
tand the electrochemical performance of the compounds with
he electrode kinetics. The spectra reveal the processes, such
s the transport of lithium ions in the electrolyte, charge-
ransfer across the electrode/electrolyte interface, and adsorption
f absorbed lithium ions into the solid oxide matrix [25,26].
ig. 10a and b shows the EIS profiles of the pristine and 1.0 wt.%
f Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 cathode materials

harged at 4.9 V as function of various cycles. In Fig. 10a and b,
he high frequency semicircle represents the impedance due to
he solid-state interface layer formed on the surface of the elec-
rodes and the low-frequency semicircle is related to a faradic

F
1
n

60 92
58 90
59 88

low charge transfer resistance at the interface and its relative
ouble-layer capacitance. The straight sloping line at the low
requency end is a Warburg tail that implies a combination of
he diffusional effects of lithium ion on the interface between
he active material particles and electrolyte.

From Fig. 10a and b, it is observed that the solution resis-
ance, Re, undergoes very small changes upon cycling from 2.7
o 7.1 � and 3.7 to 6.1 � for the pristine and coated samples. The
light changes in solution resistance are attributed to the complex
hemistry of lithium in electrolyte solutions that leads to slight
hanges in the content of the conducting species in the solution
27]. However, the size of the semicircle increased upon cycling
nd in the case of the uncoated samples, they increase even more,
s shown in Fig. 10a. From Fig. 10a and b, the resistances of the
ig. 10. Electrochemical impedance plots of (a) LiNi0.5Co0.44Fe0.06VO4 and (b)
.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 sample as a function of cycle
umber.
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th, 10th and 15th cycles, respectively, for the uncoated sample.
he 1.0 wt.% Al2O3 coated LiNi0.5Co0.44Fe0.06VO4 showed an

ncrease in resistance to 31, 27, 32, 78 and 133 � for the 1st, 5th,
0th, 15th and 20th cycles, respectively. The impedance results
evealed that a compact surface film of polycarbonates, alkyl
arbonates and LiF [28–30] was formed. The composition of
his film changes as the reaction products of the oxide are incor-
orated with the electrolyte constituents. Thus, during repeated
ycling, a fast inactive surface film gets transformed into a thick
ense layer, resulting in impedance growth that renders it inac-
ive for the electrochemical reaction in the pristine material.
PS analysis [31] concluded that the cathode material surface is

ormed of organic species and their reactions with the lithium-
alt anion are more dependent on electrode material type. It
s especially important to reduce the impact of the PF6 anion
nd its related contaminants (HF and PF5) on electrode sur-
ace chemistry through the implementation of more stable salts.
ccording to Aurbach et al. [32], although LiCoO2 cathodes
ndergo a gradual degradation upon cycling, the major capac-
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urface films.

. Conclusions

LiNi0.5Co0.44Fe0.06VO4 cathode material was successfully
ynthesized by a CA:PEG polymeric method and surface coated
ith Al2O3. XRD results revealed that complete crystalliza-

ion occurred at a low temperature of 723 K. FTIR spectrum
esults demonstrated that the organic residues were completely
emoved at low temperatures, which was also evident in TGA
ata. SEM micrographs showed the morphology of the materi-
ls at different stages of compound synthesis. TEM micrographs
howed uniform sub-micron sized particles and the thickness
f the coated layer on the core material. The electrochemi-
al measurements of Li/LiNi0.5Co0.44Fe0.06VO4 cells demon-
trated good cell performance at a high voltage of 4.9 V. The
ell performance of LiNi0.5Co0.44Fe0.06VO4 synthesized with
A:PEG content sustained 31 cycles and the1.0 wt.% Al2O3
oated LiNi0.5Co0.44Fe0.06VO4 sustained 80 cycles. Electrical
mpedance spectra of the cathode suggest that interaction with
he electrolyte during electrochemical cycling results in shorter
ycle life due to the resistance offered by impedance growth on
he pristine material.
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