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A B S T R A C T

LiFe1/3Co1/3Ni1/3PO4 and its fully deintercalated Fe1/3Co1/3Ni1/3PO4 compounds were prepared by the
vacuum-sealed solid state reaction method, and chemical-oxidation process with reaction of LiFe1/3Co1/
3Ni1/3PO4 and No2BF4 in acetonitrile. The crystal structure of LiFe1/3Co1/3Ni1/3PO4 is orthorhombic with
the space group of Pnma, which is same as Fe1/3Co1/3Ni1/3PO4 during deintercalation. Temperaturedependent magnetization curves of LixFe1/3Co1/3Ni1/3PO4 exhibit the enhancement of antiferromagnetic
ordering due to the valence transition of transition metal ions with the increase in the Néel temperature
from 35 K for x = 0 to 51 K for x = 1. The room-temperature Mössbauer spectra shows the valence
transition with the LiFe1/3Co1/3Ni1/3PO4 exhibiting Fe2+ doublet whereas fully deintercalated Fe1/3Co1/
3+
doublet induced by the lithium ion diffusion. Experimental determined
3Ni1/3PO4 showing one Fe
effective moment of LixFe1/3Co1/3Ni1/3PO4 was found to be 5.63 mB for x = 0 and 6.95 mB for x = 1, which
can be interpreted as incomplete absence of orbital contribution by crystal ﬁeld around distorted MO6
octahedron.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Recently, mixed olivine phosphate has been considered as a
new candidate as battery cathode material for plug-in hybrid
electric vehicles (HEVs), hybrid electric vehicle (PHEV), and electric
vehicle (EV) [1–8]. The cathode material of olivine-type lithium
iron phosphate, LiFePO4 exhibits efﬁcient electrochemical properties such as high operating voltage of 3.5 V and theoretical capacity
(170 mAh/g) with good chemical stability [9,10]. However, the low
energy density of LiFePO4 resulting from its relatively low
equilibrium potential limits its potential. It has been reported
that the two-phase redox reaction of olivine-type materials causes
the phase boundary of each member (LiFePO4/FePO4), leading to
their low structural and chemical stability [11,12]. Their low
electron conductivity can be explained by intrinsic crystal
structure with 1-dimensional (1D) ionic path along the b-axis
during lithium ion intercalation/deintercalation [13].
To compensate such effect, substitution of olivine compounds
containing other transition metals has been explored. Major efforts
focus on enhancing the low electrical conductivity, poor thermal
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stability, and ionic diffusivity in these materials, which is essential
for application in lithium-ion batteries [14–18].
Among the olivine structures, cathode LiCoPO4 and LiNiPO4 are
considered as high voltage materials. Lithium cobalt phosphate
(LiCoPO4) has been considered as attractive cathode material for
high cell potential lithium-ion batteries due to the much higher
redox potential, and high speciﬁc energy density [19]. However, it
results in the poor cycling stability, low electrical conductivity, and
decomposition of organic electrolytes at high electrode potentials
[20]. Also, lithium nickel phosphate (LiNiPO4) is an interesting high
voltage cathode material, which has discharge voltage plateau
around 5.1 V and it large capacity [21]. Some reports on this
material have shown that LiNiPO4 is not electrochemically active
and exhibits the exceptionally large magnetoelectric (ME)
coefﬁcients as well as the hysteresis for the butterﬂy-type at
low temperature [22–25].
Since the chemical redox coupling in these materials affects
their structural and magnetic properties, which is closely related to
the charge-discharge mechanism in lithium-ion battery [26–29].
In these mixed transition metal olivine materials, its charge
valence is repetition between M2+[PO4]3 and M3+[PO4]3 depending on lithium ion transport. The study of valence state of mixed
olivine cathode materials can be provided the understanding of the
alkali-ion intercalation/deintercalation mechanism for lithium ion

