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We report on the crystallographic and magnetic properties of LixFe1/3Mn1/3Ni1/3
PO4 (x = 0, 1) using x-ray diffraction (XRD), a vibrating sample magnetometer (VSM), and Mössbauer spectroscopy. XRD analysis confirmed that the
samples have an orthorhombic structure with space group Pnma. From the
VSM measurements the samples exhibited an antiferromagnetic behavior
with a Curie–Weiss temperature h =  162 K for x = 1, and h =  303 K for
x = 0. The Néel temperature (TN) and spin reorientation temperature (TS)
were determined to be 40 K and 10 K for x = 1, and 66 K and 25 K for x = 0.
The hyperfine field (Hhf) of LiFe1/3Mn1/3Ni1/3PO4 had smaller values than that
of Fe1/3Mn1/3Ni1/3PO4 due to the magnitude of the nearest-neighbor superexchange interaction. Isomer shift (d) values indicate that the charge states of
LiFe1/3Mn1/3Ni1/3PO4 are ferrous (Fe2+), and that of Fe1/3Mn1/3Ni1/3PO4 are
ferric (Fe3+). The larger values of the electric quadrupole splitting (DEQ) for
the Fe2+ phase compared to the Fe3+ phased originated from the different
lattice and valence electron contributions due to the crystalline field and valence transition. Debye temperatures (hD) of 338 ± 5 K (x = 1), and 370 ± 5 K
(x = 0) were obtained for the samples.
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INTRODUCTION
Polyanion framework compounds based on PO4
structural units have been studied for applications
which include cathode materials in lithium-ion
batteries.1,2 Among these compounds, olivine-type
LiMPO4 (M = Fe, Mn, Ni, and other transition
metals) is being actively investigated as a possible
replacement for conventional LiCoO2.3 This structure of LiMPO4 has a slightly distorted hexagonal
close-packed oxygen configuration, and the crystal
skeleton consists of a MO6 octahedral and a PO4
tetrahedral. LiMPO4 materials offer high thermal
stability, superior safety properties, a long cycle life,
and high theoretical capacity, especially for largeformat batteries designed for hybrid electric vehicles (HEVs), electric vehicles (EVs), and therefore
has a significant influence on the smart grid.4–6
LiFePO4 provides a medium theoretical discharge
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(170 mAh/g) and operating voltage (3.4 V).7 It is
nevertheless hindered by a few problems which
include a low potential plateau and a small packing
density, which induces low specific energy densities.8,9 Other olivine materials with Mn2+/3+ and
Ni2+/3+ pairs can facilitate operating voltages of
4.1 V and 5.1 V, respectively, thereby providing an
opportunity to improve energy density and
power.10–12 LiMnPO4 and LiNiPO4 are regarded as
ideal cathode material due to their high redox
potential, energy density, and theoretical capacity.
LiMnPO4 presents a high operating voltage, and
there is an abundance of sources of Mn with a
stable structure and low cost. In contrast to
LiFePO4, LiMnPO4 suffers from poor electrical
activity and ionic conductivities, which affect its
electrochemical performance.13,14 LiNiPO4 presents
a higher potential with enhanced energy output in
lithium-ion batteries compared to other materials.
This clearly suggests that LiNiPO4 is a promising
cathode material for high voltage lithium batteries.
Nevertheless, this material has a low electronic

