
A

o
m
i
e
h
©

K

1

m
l
c
i
i
m
t
i
t
t
A
e
L
t
a
e
L
c
p

0
d

Journal of Power Sources 159 (2006) 282–286

Short communication

A study on LiFePO4 and its doped derivatives as cathode
materials for lithium-ion batteries

G.X. Wang a,∗, S. Needham a, J. Yao a, J.Z. Wang a, R.S. Liu b, H.K. Liu a

a Institute for Superconducting & Electronic Materials, University of Wollongong, NSW 2522, Australia
b Department of Chemistry, National Taiwan University, Taipei, Taiwan

Available online 5 June 2006

bstract

LiFePO4, doped LiMxFe1−xPO4, and Li1−xMxFePO4 compounds have been prepared via a sol–gel synthesis method. The physical properties
f the as-prepared lithium iron phosphates were characterised by X-ray diffraction, X-ray absorption near-edge spectroscopy (XANES), and
agnetic susceptibility. The electrochemical properties lithium iron phosphates were tested by a variety of electrochemical techniques. Lithium
ron phosphate electrodes demonstrated a stable discharge capacity of 160–165 mAh g−1, almost approaching the theoretical capacity. The good
lectronic conductivity and nanocrystalline could contribute to the unique performance of lithium iron phosphate electrodes. Lithium iron phosphates
ave a significant potential to be used as a new cathode materials in Li-ion batteries.

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

Lithium-ion batteries are state-of-the-art power sources for
odern portable electronic devices. In the lithium-ion battery,

ithium ions shuttle between cathode and anode hosts via inter-
alation and de-intercalation. The cathode host provides lithium
on sources for battery operation. Currently, lithium-ion batter-
es employ LiCoO2 as cathode material and carbon as anode

aterial, which limits applications to small-scale batteries due
o high cost and toxicity of Co [1,2]. Recently, lithium polyan-
on compounds with the general formula LixMy(XO4)z (M:
ransition metal; X: P, S, As, Mo, or W) have been inves-
igated as novel cathode materials for lithium-ion batteries.
mong them, lithium iron phosphate attracted a particular inter-

st. LiFePO4 has an orthorhombic olivine structure, in which
i, Fe, and P atoms occupy octahedral 4a, octahedral 4c, and

etrahedral 4c sites. The strong P O covalency stabilizes the
nti-bonding Fe3+/Fe2+ state through the Fe O X inductive
ffect to generate high operating potential (3.4–3.5 V versus

i/Li+). LiFePO4 cathode materials have a high theoretical
apacity of 170 mAh g−1 and are environmentally benign, inex-
ensive and naturally abundant. However, LiFePO4 has a poor

∗ Corresponding author. Fax: +61 2 4221 5731.
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lectronic conductivity, significantly influencing its rate capac-
ty and applications. Many efforts have been made to improve
he performance of LiFePO4 cathode materials, including addi-
ion of conductive Cu/Ag powders and carbon black powders,
upervalence cation doping, carbon coating, and synthesis of
anocrystalline grains [3–8]. In this paper, we describe the syn-
hesis, physical characteristics and electrochemical properties of
iFePO4 and its doped derivatives.

. Experimental

LiFePO4, LiMxFe1−xPO4, and Li1−xMxFePO4 compounds
ere prepared via a sol–gel preparation route. Li(OH)·H2O

99.9%, Aldrich), FeC2O4·2H2O (99%, Aldrich), NH4·H2PO4
97%, Aldrich), Mg(C2H3O2)2 (99%, Aldrich), Ti(OCH3)4
99%, Aldrich), and Zr(OC2H5)4 (99%, Aldrich) were used as
eactants. The stoichiometric reactants were dissolved in de-
onised water, in which polyacrylic acid and citric acid were
dded as complexing agents for the formation of the gel. The
olutions were heated and maintained at 85 ◦C under vigorous
tirring until a viscous gel was formed. The as-formed gel was

eated to 500 ◦C to decompose the organics under flowing argon
as. The decomposed precursors were further sintered at 700 ◦C,
nder a flowing gas mixture (10% H2 in Ar). A slightly reduc-
ng atmosphere was employed during the sintering process in

mailto:gwang@uow.edu.au
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rder to prevent the oxidation of Fe2+ cations. X-ray diffrac-
ion was performed on the prepared lithium iron phosphates to
etermine the phase purity using Cu K� radiation (MO3xHF22,
acScience, Japan). X-ray absorption experiments were car-

ied out at the National Synchrotron Radiation Research Centre
Taiwan). The electron storage ring was operated at an energy
f 1.5 GeV with a beam current of 100–200 mA at the Wiggler
eam line BL 17 C. A Si(1 1 1) double-crystal monochromator
as used for energy selection with a resolution (�E/E) of about
× 10−4. The XANES spectra at the Fe–K-edge were recorded
t room temperature in transmission mode using gas-filled ion-
zation chambers to measure the intensities of the incident (I0),
ransmitted (It), and reference (Iref) signals. The morphology of
ithium iron phosphate powders was studied using a scanning
lectron microscope (JEOL JEM-3000). The magnetic proper-
ies of lithium iron phosphates were studied using a Quantum
esign MPMS XL SQUID magnetometer. The dc susceptibility
as measured in a magnetic field of 5000 Oe from 5 to 300 K.
lectrochemical characterisation was performed by assembling
R2032 coin cells for galvanostatic charge/discharge. The elec-

rodes were made by dispersing 80 wt.% active material, 10 wt.%
arbon black and 10 wt.% polyvinylidene fluoride (PVDF) in n-
ethyl pyrrolidone (NMP) to form a slurry. The slurry was then

oated onto an Al foil. The coated electrodes were dried in a
acuum oven and then pressed at 1200 kg cm−2. The coin cells
ere assembled in an argon-filled Glove-box (Mbraun, Unilab,
ermany) with lithium foil as the counter electrode. The elec-

rolyte was 1 M LiPF6 in a 1:1 mixture of ethylene carbonate
EC) and dimethyl carbonate (DMC).

. Results and discussion

X-ray diffraction patterns of LiFePO4, LiMxFe1−xPO4, and
i1−xMxFePO4 compounds are shown in Fig. 1. All diffraction

ines are indexed to an orthorhombic crystal structure (space
roup: pnma). Previously, there was report that some detectable
mpurities such as Li3PO4 has been identified in doped LiFePO4
repared by solid-state reaction. In contrast, we did not detect

ny impurities, indicating that our wet chemical preparation
oute can produce purer compounds than the solid-state reac-
ion process. In the triphylite LiFePO4 crystal structure, Fe2+

ons are located at FeO6 octahedron (4c), and Li+ ions occupy

o
h
o
A

Fig. 2. SEM images of: (A) LiFePO
Fig. 1. X-ray diffraction patterns of lithium iron phosphate compounds.

ctahedral (4a) sites. For Ti4+ and Zr4+ doping, we intended to
ubstitute at Fe2+ sites, whereas for Mg2+ doping, we intended
o substitute at Li+ sites. This is designed to induce different
evel of vacancies in the crystal structure. The morphologies
f lithium iron phosphates were observed by scanning electron
icroscope. Fig. 2 shows SEM images of lithium iron phos-

hates. Well-crystallized powders were obtained after sintering
t 700 ◦C. The average crystal size of lithium iron phosphates
s in the range of 1–3 �m. Thermogravimetry analysis was per-
ormed on the as-prepared lithium iron phosphate compounds.
n general, the samples contain 3 wt.% carbon, which is intro-
uced by the decomposition of organic precursors.

The temperature dependencies of the molar magnetic suscep-
ibilities of LiFePO4 sample are shown in Fig. 3. The reciprocal
usceptibility and the effective magnetic moment are shown
n the inset. The magnetic susceptibility of LiFePO4 shows

maximum at 50 ± 2 ◦K (Néel temperature, θN), indicating
paramagnetic–antiferromagnetic phase transition. A typical
urie–Weiss law behaviour is followed above the Néel tem-
erature. The measured effective magnetic moment µ value
s 4.9 �B at room temperature. There are six electrons in 3d
rbitals for the Fe2+ ion. Due to the influence of the octa-

edral crystal field in LiFePO4 structure, the five 3d orbitals
f the Fe2+ ion split into three t2g and two eg configurations.
mong them, four electrons are on the three t2g orbitals (dxy,

4 and (B) Li0.98Mg0.02FePO4.
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Fig. 3. Temperature dependencies of molar magnetic susceptibilities of LiFePO4 sample. The insets are reciprocal magnetic susceptibilities and effective magnetic
moment.

FePO4 and doped LiTi0.01Fe0.99PO4 samples.
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Fig. 4. Fe–K-edge XANES spectra of Li

xz, and dyz), in which three electrons spin up and the fourth
lectron spins down. The magnetic moments for the paired two
lectrons in one of the t2g orbitals cancel each other. There-
ore, there are a net two spin-up electrons in t2g orbitals. Two
lectrons occupy two eg orbitals (dx2−y2 and dz2 ), in which one
lectron is in each orbital with spin-up configuration. The Fe2+

on presents a net four spin-up electrons (high spin), with an
xpected magnetic moment of 4 �B on the basis of the spin-
nly value. However, the measured magnetic moment is 4.9 �B,
hich is higher than the theoretical value. Since the angular
omentum for the Fe2+ ion is not equal to 0, the Fe2+ ion could

ave a strong spin–orbit coupling, inducing anisotropy and a
on-quenched angular momentum. An orbital momentum could
ontribute to the measured magnetic moment. Following the

uper and super–super exchange rule, the interactions between
e O Fe induce antiferromagnetism, as exhibited by the mag-
etic measurement. However, in the orthorhombic phase, there
s no Fe O Fe bonding, only Fe O P O Fe bonding. So, the
 Fig. 5. Cyclic voltammogram of LiFePO4 electrode.
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ig. 6. The charge/discharge profiles in the first cycle for LiFePO4 and dope
umber for all lithium iron phosphate cathodes.

agnetic interaction in LiFePO4 could be long-range through
e O P O Fe triple exchange [9,10].

Fe–K-edge XANES of the pristine LiFePO4 and
iTi0.01Fe0.99PO4 samples are shown in Fig. 4. In order

o identify the features of the pre-edge, the pre-edge region of
he spectra was magnified by 10 times in Fig. 4. The energy
ositions of the maxima of the pre-edge peak are most sensitive
o the Fe oxidation state, while the pre-edge peak’s intensity is

ost sensitive to site centrosymmetry, with the most centrosym-
etric Fe coordinations having the lowest intensity. Therefore,

t will be at the lowest intensity for octahedral symmetry (Oh)
nd reach the maximum in the case of tetrahedral coordination
Td). The pre-edge peak position observed is 7111.9 eV for both
iFePO4 and LiTi0.01Fe0.99PO4. It is in the same energy range
bserved for Fe2+ previously, which proves that the valence
f Fe in LiFePO4 and LiTi0.01Fe0.99PO4 is +2. There is no
ariation of pre-edge energy position and pre-edge intensity
ue to Ti doping, which confirms that the trace amount of
opant Ti4+ ions does not disturb the oxidation state of Fe or the
tructural coordination in LiFePO4 crystals. The Fe pre-edge
eak represents 1s → 3d quadrupolar electronic transitions to
he t2g levels. It is a dipole forbidden process. However, it
ecomes partially allowed due to the mixing of d-states of Fe
ith the p-states of the surrounding oxygen atoms. The pre-edge

nergy for Fe3+ in FePO4 is located at 7114.2 eV [11], which is
.3 eV higher than that of Fe2+ in LiFePO4. This is ascribed to
he fact that the electrons in Fe3+ ions are strongly bound to the
ucleus, inducing the shift of 1s → 3d transitions to a higher
nergy level. The inset in Fig. 4 shows a comparison of the
e–K-edge XANES spectra of undoped LiFePO4 and doped
iTi0.01Fe0.99PO4. The Fe–K-edge XANES spectra consist of

wo main parts—the pre-edge and the main edge regions. The
re-edge is located to the lower energy side of the sharply rising

bsorption edge, corresponding to a 1s → 3d-type electronic
ransition. The main edge region extends a few tens of electron
olts higher above the pre-edge, mainly corresponding to
ultiple-scattering resonances of photoelectrons ejected with

b
i

r0.01Fe0.99PO4 electrodes. The inset shows the discharge capacities vs. cycle

ow kinetic energy. It is also called the white line. The doped
iTi0.01Fe0.99PO4 exhibits an increased white line (∼7125 eV)

ntensity over that of undoped LiFePO4. The increasing of the
hite line intensity reflects the increased number of unoccupied
-states for Fe ions in the crystal structure [12]. The 3d and 4s
rbits are all empty in Ti4+ ions. There are four valence electrons
n 3d orbit in Fe2+ ions. Therefore, when Ti4+ is substituted for
e2+, Ti4+ ions would be able to attract 3d electrons from Fe2+,
reating positive holes in the 3d-states in Fe ions. This effect
nduces an increased p-type semiconductivity. Previously,
hiang and co-workers found that supervalent ion doping of
iFePO4 compounds results in extrinsic p-type semiconductors

7]. Our Fe–K-edge XANES measurement has confirmed this
nding.

Cyclic voltammetry measurements were performed on
ithium iron phosphate electrodes to characterise the electro-
hemical reactions in Li-ion calls. Fig. 5 shows the typical cyclic
oltammograms (CV) of LiFePO4 electrodes. The reduction and
xidation peak positions are located at 3.34 and 3.52 V, respec-
ively, versus Li/Li+. The specific capacities and cyclabilities of
ithium iron phosphate electrodes were tested by constant current
harge/discharge cycling at a C/8 rate. Fig. 6 shows the voltage
rofiles of LiFePO4 and LiZr0.01Fe0.99PO4 electrodes in the first
ycle. The voltage profiles exhibit very flat charge and discharge
lateaus, matching the oxidation and reduction peaks in the CV
urves. The cyclabilities of all lithium iron phosphates are shown
n the inset in Fig. 6. Lithium iron phosphates demonstrated a
table specific capacity in the range of 150–160 mAh g−1, which
s higher than LiCoO2 cathode materials. Therefore, lithium iron
hosphate cathode materials show promising as a new cathode
aterial for lithium-ion batteries.

. Conclusions
A series of lithium iron phosphate cathode materials have
een prepared via a sol–gel synthesis route. The supervalent dop-
ng results in an increased p-type semiconductivity for lithium
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ron phosphates, which has been confirmed by X-ray absorp-
ion near edge spectroscopy measurement. Lithium iron phos-
hates demonstrated typical antiferromagnetic behaviour with
N = 50 ± 2 K. Lithium iron phosphates are electrochemically
ctive with a specific capacity in the range of 150–160 mAh g−1.
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