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Abstract Nano-crystalline LiFePO, and LiMg ¢sFeq 9sPO4
cathode materials were synthesized by sol-gel method in
argon atmosphere using succinic acid as a chelating agent.
Physico-chemical characterizations were done by thermo-
gravimetric and differential thermal analysis, X-ray diffrac-
tion, scanning electron microscopy, transmittance electron
microscopy, and Raman spectroscopy. Electrochemical be-
havior of the cathode materials were analyzed using cyclic
voltammetry, and galvanostatic charge/discharge cycling
studies were employed to characterize the reaction of
lithium-ion insertion into and extraction from virginal and
magnesium-doped LiFePO,, in the voltage range 2.5 to
4.5V (Vs Li/Li") using 1 M LiPF, with 1:1 ratio of ethylene
carbonate and dimethyl carbonate as electrolytes. LiMgy o5
Fey9sPO, exhibits initial charge and discharge capacities of
159 and 141 mAh/g at 0.2 C rate respectively, as compared
to 121 and 107 mAh/g of pristine LiFePO,. Furthermore,
LiMg osFeposPO4 has retained more than 89% of the
capacity even after 60 cycles. Hence, LiMg gsFeg 9sPOy is
a promising cathode material for rechargeable lithium-ion
batteries.
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Introduction

Intensive work has been dedicated to transition metal
oxides like LiCoO,, LiNiO,, and LiMn,O, as the positive
electrode materials in secondary lithium-ion batteries.
Substitution of cobalt, nickel, and manganese by other
metals has been studied in order to improve the electro-
chemical performance, mainly focused on obtaining larger
capacity and high voltage. In this way, several studies have
been recently reported concerning the phosphate system
LiMPO, (M=Fe, Ni, Co, etc) with olivine-related structure.
The olivine structure of LiFePO,4 could be used as cathode
material for lithium-ion batteries since 1997 [1, 2]. It has
been widely investigated as a promising cathode material to
replace the high-cost LiCoO,. In addition, it is more
abundant and environmentally benign [3]. Besides, it has
theoretical capacity of 170 mAh/g [2], discharge potential
of 3.5 V Vs Li/Li" [4], and excellent thermal stability [5, 6].
LiFePO, can be synthesized by normal solid-state reaction.
Unfortunately, it is very difficult to achieve the theoretical
capacity of LiFePO, because of its low electrical conduc-
tivity and slow diffusion of lithium ions in the olivine
structure [1, 4, 7]. So far, several alternative methods have
been applied for the preparation of lithium iron phosphate
cathode material. There are a lot of methods to synthesize
the pure LiFePO,, for instance hydrothermal method
[8—10], microwave method [11], sol-gel method [3, 12—-14],
spray pyrolysis [15], emulsion drying method [16], co-
precipitation technique [17], soft chemistry route [18], and
other unusual approaches such as pulsed-layer deposition
[19] and template technology [20]. In the early period of
research, its reversible capacity has reached only 60% of
the theoretical capacity, namely, the deintercalation of only
0.6 lithium atoms in LiFePO,. The limited intercalation and
deintercalation process was mainly due to its poor con-
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ductivity [1, 3]. Among various attempts to enhance the
electrical conductivity, carbon coating is a common way to
overcome the limited rate capacity because the dispersed
carbon particles provide pathways of electron transfer
resulting in improvement of the conductivity and electro-
chemical properties [21-25]. LiFePO,4 has an ordered olivine-
type structure (space group Pmnb) in which Li, Fe, and P
atoms occupy octahedral 4a, 4c, and tetrahedral 4c sites [26].
The alien atom (Zn, Ti, and Zr) doping has been adopted to
modify the electrochemical performances of olivine-type
LiFePO, cathode materials of lithium-ion batteries [27]. The
electrochemical conductivity of LiFePO,4 can be improved by
dispersing coppet/silver powders [13] or high surface area
carbon black [28] and doping with alien ion [7].

In this paper, we have reported for the first time
magnesium-doped nano-crystalline lithium iron phosphate
material to form homogeneous LiMgg gsFegosPO4 by sol—
gel method using succinic acid as a chelating agent, and the
doping effect was investigated.

Experimental

Virginal and magnesium-doped nano-crystalline lithium
iron phosphate samples were prepared by a low-temperature
sol-gel technique. All the starting material like LiNOs, Fe
(OCOCHj;),.4H,0, Mg(NOs),.4H,0, and NH4H,PO,4 were
dissolved in triple-distilled water. The resultant solution was
mixed with appropriate amount of succinic acid. Weak acid
or neutral or weak basic precursor solutions are preferable to
obtain single phase of LiFePO, [11]; strong basic condition
should be avoided to prepare LiFePO, without impurity
phase [29]. So the pH of the solution was adjusted, ranging
between 5.0 and 5.5 using liquid NH;. The resulting homo-
geneous cleared solution was heated (60 °C) with continuous
stirring. The highly viscous gel was obtained after 7 h, and
then it was dried overnight at 110 °C in inert atmosphere to
decompose the nitrate and acetate groups. Finally, the
precursor was sintered at different temperatures (250, 400,
600, and 850 °C) for 15 h in an argon atmosphere to prevent
the oxidation of Fe** to Fe** [30].

Thermal decomposition behavior of the gel precursor was
examined by thermogravimetric analysis and differential
thermal analysis in argon flow between the temperatures 0
and 700 °C at a heating rate of 10 °C/min (Simultaneous
thermal analysis polymer laboratory, thermal science divi-
sion; UK model: STA 15000). Structure and crystallinity of
the synthesized powders were measured using a Shimadzu
XRD-6000 X-ray diffractometer with Cu-K« radiation. Data
were collected in the range of 10—60° at a scan rate of 1°/min.
The surface morphology and microstructure of powder
particles were characterized by scanning electron microscopy
(SEM HITACHI S-3000H) and transmittance electron mi-
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croscopy (TEM). Room temperature laser Raman spectrum
was recorded for the synthesized pristine LiFePO, as well as
magnesium-doped lithium iron phosphate using Jobin-Yvon
ISA T64000 Raman spectrometer equipped with a charge-
coupled device detector and a microscope. Powder samples
were put under microscope objective that allows the laser
beam to focus on a small selected area of the surface
(~1 pm?), and the backscattered Raman signal was
collected. The laser light source was 514.5 nm, line excited
at 5-10 mW at an argon laser power. All the Raman spectra
were recorded over the frequency range 100—1200 cm ' at
an acquisition time of 400 s and were arranged to increase
the signal-to-noise ratio. The cathodes were prepared by
mixing with 85 wt% of active material (synthesized at 850 °C),
10 wt% of acetylene black as a conducting material, and 5 wt%
of polyvinylidene difluoride as a binder in N-methyl-2-
pyrrolidinone solvent to form homogeneous slurry. Then the
slurry was coated onto an aluminum foil and cut into 22 mm

110 — 40
a
1004 TG
- 30
90
L 20
T 80+ =
ot g
< o
2 704 L0 &
2 @
60 -
Lo
507 pTA
0 L -10
T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700
Temperature (°C)
110 —_—
1TG L 40
100 b
90 - 30
80
S r20 =
S [¢]
£ 70 S
5 5
o ) F10 =
= 60+ o
50 Lo
104 DTA
--10
30 —_—
0 100 200 300 400 500 600 700

Temperature (°C)

Fig. 1 TG/DTA curves of a virginal lithium iron phosphate and b Mg-
doped lithium iron phosphate



J Solid State Electrochem (2009) 13:301-307

303

a
850 °C

M
M

Intensity (a.u)

Two theta (Degree)

850 °C

WM
ﬂ 400 °C

w
T T T T T T T T :
10 20 30 40 50 60

Intensity (a.u)

Two theta (Degree)

Fig. 2 X-ray diffraction patterns of a Virginal LiFePO4 b Mg-doped
LiFePO, synthesized at different temperatures

diameter and then dried by vacuum oven at 120 °C for 12 h.
Finally, coin-type cells were assembled in a glove box (Braun
unilab, Germany 2002), which used lithium foil as the
counter electrode, celgard 2400 as the separator, and LiPFg
mixed with 1:1 ratio of ethylene carbonate and dimethyl
carbonate as the electrolyte. The electrochemical properties of
the cells were characterized using cyclic voltammetry at a
scan rate of 0.01 mV/s and galvanostatic charge and
discharge studies over a voltage range of 2.5-4.5 V at
0.2 C rate.

Results and discussion
Thermogravimetric and differential thermal analysis

Thermal decomposition of the gel precursors were examined
by means of the thermogravimetric and differential thermal
analysis. Figure la and b represent the thermogravimetric
and differential thermal analysis (TG/DTA) curves of
LiFePO, and magnesium-substituted LiFePO, precursors.
They exhibited one endothermic peak centered at around
100-150 °C and one exothermic peak centered at 250-450 °C.
The endothermic event corresponding to a weight loss of 20%
may be ascribed to the removal of water. The exothermic peak
was combined with huge weight loss of 40% that appeared
from 250 to 450 °C, which was assigned to the formation of
the compound. Gravimetric stable behaviors observed beyond
450 °C confirm the completion of thermal event.

X-ray diffraction analysis

The X-ray diffraction pattern of virginal and magnesium-
doped LiFePO, are shown in Fig. 2a and b. All diffraction
lines are indexed to an orthorhombic olivine structure
(space group Pmnb). The peak intensity of the X-ray
diffraction pattern of both doped and undoped LiFePO,4 was
enhanced with increase in the calcinations temperature,
which ascribed to improve the degree of crystallinity, and
no impurity phase was detected at high temperature (850 °C)
from X-ray diffraction. We intended to substitute the dopant
ions Mg®" for Fe*" on the M, sites in the olivine structure.
A previous report found the detectable impurity of LisPO,
in doped LiZn,Fe, PO, prepared by solid state reaction
even at very low dopant level [7]. In contrast, detectable
precipitation of Liz;PO4 impurity was not formed in the
synthesized LiMgg ¢sFeq9sPO4 compound using sol-gel
method. During the synthesis process, the reactants were
mixed homogeneously in the solution and then formed gel
complex. Therefore, the homogeneous distribution of
composition elements are expected [3]. The X-ray diffrac-
tion (XRD) curves of the doped materials exhibit a minute
leftward shift in the axis of 26 compared with the virginal
one, indicating an influence of lattice parameter [31, 32].
The lattice parameters were calculated and summarized in
Table 1. Mg-doped LiFePO4 has higher lattice constants of

Table 1 Calculated lattice

parameters and unit cell Samples Space  Lattice constant ~ Lattice constant ~ Lattice constant ~ Unit cell
volume of the LiFePO, and group ‘@’ (A) b’ (A) ‘@ (A) volume (As)
LiMgo.0sFe0.0sPO4
LiFePO4 Pmnb  5.9601 10.2035 47183 286.94
LiMgo osFeg9sPOs  Pmnb  6.0351 10.2865 4.7293 293.60
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Fig. 3 Scanning electron micro-
graphs of a LiFePO, and

b Lng0‘05F30'95P04 cathode
materials synthesized at 850 °C

, 080

a, b, and c than virginal one and enlarges the total volume
of the unit cell for about 2.27%.

Scanning and transmittance electron microscopy

The surface morphology and particle size of the virginal
and magnesium-doped lithium iron phosphate samples are
shown in Figs. 3 and 4. SEM micrographs in Fig. 3 show
that the product particles are spherical, their diameter is
about 0.1-0.5 wm, and TEM image in Fig. 4 shows both
virginal and doped LiFePO, have particles size around
50-100 nm, and the particles are loosely agglomerated. The
small particles and loosely agglomerated structure allow
easy penetration of the electrolyte and provide a short
pathway for lithium-ion diffusion in the active materials.

Raman spectroscopy

The olivine structure belongs to the spectroscopic group
DJ; the primitive cell is centrosymmetric with formula
units in the cell. Li, Fe, and P atoms are distributed on 4a,
4c, and 4c position (wyckoff notation), respectively. As the
structure of the phospho olivine builds from LiOg and MOg
octahedral linked to POi’ tetrahedral polyanions, the local

Fig. 4 Transmittance electron
micrographs of a LiFePO, and
b Lng0_05F60‘95P04 cathode
materials synthesized at 850 °C

2
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cationic arrangement can be discussed with factor group
analysis and the molecular vibration modes [33]. In this
work, Fig. 5a represents Raman spectrum of phospho
olivine LiFePQy; five bands were observed around 947,
1,009—-1,070, and 580—640 cm ! The very sharp band with
higher intensity located at 947 cm ' is ascribed to A,
symmetric P—O stretching vibration mode, and two weaker
bands between 1,009 and 1,070 cm ™' belong to antisym-
metric stretching vibration modes of the POi_ anion in
phospho olivine LiFePO, [34]. The bands around 589—640
and 464 cm ' were attributed to A, symmetric of Fe-O
stretching and bending vibration of Fe—O—P groups in
LiFePO, [35]. Figure 5b is the magnesium-doped LiFePO,.
Both virginal and magnesium-doped LiFePO, have no
change in vibration modes and intensity of the Raman
spectra, which depicts no structural change of LiFePO,
with 0.05 magnesium content.

Cyclic voltammetry

Typical cyclic voltammograms of the virginal LiFePO,4 and
magnesium-doped LiFePO, cathode materials are given in
Fig. 6; lithium foil acts as counter and reference electrodes.
The cyclic voltametric curves indicated that the potential

-
m nm

—
100 nm
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Fig. 5 Raman spectra of . 947.348
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range in which the lithium deintercalation/intercalation 10 |
occurs and the phase transition (if there is any) also formed 0.8
during this process. All measurements were taken at room 06 doped
temperature at a scan rate 0.01 mV/s and the voltage range 1
from 2.5 to 4.5 V Vs Li/Li". The LiFePO, and LiMg o5 0.4 ncoped
Feg9sPO,4 cathodes gave a single anodic peak during the 024
charge at 3.52 and 3.54 V, respectively. This corresponds to fe/ 0o
single-step lithium-ion removal from the cathode materials. ]
The single cathodic peak was obtained at 3.15 and 3.38 V é 0.2
for LiFePO,4 and LiMgg osFeq9sPOy, respectively, which 04
corresponds to Li" reinsertion into cathodes. The cyclic -
voltammetry curve of magnesium-doped LiFePO, shows '0'6'_
more symmetrical and sharper shape of the anodic and -0.8 4
cathodic peaks. The bigger voltammetric peaks are ob- 1o
served for the Mg-doped materials compared to that of “og ' 30 ' a5 ' 10 45

undoped both in the anodic and cathodic runs, which also
indicated the enhancement of the lithium-ion diffusion. In
the case of LiMg osFeg 95PO4, the peak potential difference

Potential (V) Vs Li/Li*

Fig. 6 Typical cyclic voltammetry curves of doped and undoped
LiFePOy, at scan rate of 0.01 mV/s
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Fig. 7 Galvanostatic charge and discharge studies of Ist, 10th and

60th cycles over a voltage range of 2.5-4.5 V at 0.2 C rate for a

LIFCPO4 b Lng0_05F60_95PO4

o -

(AE,) between anodic and cathodic peaks is 0.16 V,
whereas that of undoped LiFePO, is 0.37 V. It revealed
LiMg 0sFep.9sPO, cathode has reversible/quasireversible
nature of Li" transport in the electrochemical cell between
LiFePO,4 and FePO, structure.

Charge/discharge performance

Figure 7a and b represent the charge/discharge voltage
profiles of LiFePO, and Mg doped LiFePO, electrodes.
The cells were galvanostatically charged and discharged at
C/5 rate with a current density of 0.19 mAh/g between
voltages of 2.5 and 4.5 V. Initial charge and discharge
capacity of virginal LiFePO, has 121 and 107 mAbh/g,
respectively. For magnesium-doped lithium iron phosphate,
the charge capacity increases from 121 to 159 mAh/g, and
the discharge capacity from 107 to 141 mAh/g approaching
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the theoretical capacity of 170 mAh/g. The virginal
LiFePO, exhibits flat charge and discharge plateau around
3.52 and 3.15 V, respectively. The potential around 3.54
and 3.38 V are corresponding to charge and discharge
plateaus of Mg-doped LiFePO,, which is identified as the
single-phase transition process between LiFePO, and
FePO, phase. LiMg oFeg9oPO4 has larger charge and
discharge capacity compared to virginal LiFePO,, which
ascribed to magnesium-doped lithium iron phosphate and
has improved the electrical conductivity and larger lithium-
ion diffusion from the active materials.

Cycling performance

The cycling performances of the LiFePO, and magnesium-
doped LiFePO, samples were evaluated in the voltage
range of 2.5 to 4.5 V at room temperature in the cell
configuration Li/LiFePO,4, and the results are shown in
Fig. 8. As shown in Figs. 7 and 8, the initial discharge
capacity of pristine LiFePO, material is about 107 mAh/g;
after 60 cycles, the discharge capacity is 75 mAh/g. The
initial discharge capacity of magnesium-doped LiFePOy is
141 mAh/g; after 60 cycles, the discharge capacity was
decreased from 141 to 132 mAh/g. Initial discharge
capacity of magnesium-doped lithium iron phosphate is
higher than pristine LiFePO, due to larger lithium-ion
diffusion from active materials. The magnesium-doped
LiFePO,4 material has excellent cycling behavior with little
discharge capacity loss after 60 cycles. The capacity loss is
less than 9%. In comparison, the capacity loss of the
LiFePOy, electrode is 30% after 60 cycles. The magnesium-
doped LiFePO, has improved the reversible capacities as
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Fig. 8 Comparison between the charge/discharge cycling behaviors
of virginal and Mg-doped LiFePO, samples at 0.2 C rate
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well as the cycling performance due to larger crystal unit,
and increasing the conductivity from doping, the movement
of lithium ions, and the electronic transferring process in
the Mg-doped LiFePO, are faster and more stable during
the cycling process.

Conclusions

Mg-doped LiFePO, and virginal LiFePO4 were synthesized
by low-temperature sol-gel method using succinic acid as a
chelating agent. The synthesized powder particles are
spherical, and the size is around 50-100 nm. TG/DTA
and XRD studies of the materials have confirmed that
olivine-structured single-phase pure crystalline formed
during the sol-gel treatment process. Raman spectra
revealed that pure olivine structure of LiFePO, is attained
at 0.05 magnesium doping without impurities. The magne-
sium doping favors the formation of the crystal structure,
expands the lattice volume, and provides more space for
lithium-ion intercalation and deintercalation. In addition,
magnesium-doped LiFePO, has higher charge/discharge
capacities, and the reversibility of lithium insertion into and
removal from the cathode materials may be due to the
enhancement of the electrical conductivity. As a result, Mg
doping is very promising for the development of structural
stability and improvement of electrochemical performance
of LiFePOy,.
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