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Abstract The spherical LiFePO,/C and LiFeq;oMgg;
PO,/C powders were successfully prepared from spherical
FePO, via a simple uniform-phase precipitation method at
normal pressure, using FeCl; and H;PO, as the reactants.
The FePQ,, LiFePO,/C, and LiFe, Mg, ;PO4/C powders
were characterized by scanning electron microscopies
(SEM), powder X-ray diffraction (XRD), X-ray photo-
electron spectrometer (XPS), and tap-density testing. The
uniform spherical particles produced are amorphous, but
they were crystallized to FePO, after calcining above
400 °C. Due to the homogeneity of the basic FePO,, the
final products, LiFePO,/C and LiFe, ¢Mg, PO4/C, are also
significantly uniform and the particle size is of about 1 pm
in diameter. The tap-density of the spherical LiFePO4/C
and LiFegoMg,PO4/C are 1.75 and 1.77 g cm >,
respectively, which are remarkably higher than the non-
spherical LiFePO, powders (the tap-density is 1.0-
1.3 g cm ™). The excellent specific capacities of 148 and
157 mAh g~ ' with a rate of 0.1 C are achieved for the
LiFePO,/C and LiFe,9Mg,PO4/C, respectively. Com-
parison of the cyclic voltammograms of LiFePO,/C and
LiFey oMgp PO4/C shows enhanced redox current and
reversibility for the sample substituting Mg on the Fe site.
LiFey oMgo PO4/C exhibits better high-rate and cycle
performances than the un-substituted LiFePO,/C.
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1 Introduction

Phosphates LiIMPO, (M = Mn, Fe, Co, or Ni) have been
investigated intensively as promising cathode materials for
lithium batteries [1-9]. Among this series of materials,
LiFePQO, is a low cost material and highly compatible to
the environment. LiFePO, offers several advantages com-
pared with LiCoO,, LiMn,0,4 and their derivatives. LiFe-
PO, offers several advantages: (i) a relatively high
theoretical specific capacity of 170 mAh g~', (ii) good
reversibility of cathode reactions, (iii) high thermal and
chemical stability, (iv) low material cost and toxicity, and
(v) improved safety. In spite of these attractive features,
LiFePO, requires further modifications to overcome limi-
tations of poor electronic conductivity, which leads to
initial capacity loss and poor rate capability, and the low
pile density, which leads to low volumetric specific
capacity.

Several researchers [10-13] explained synthesis of
spherical powders could be an effective way to increase the
tap-density and safety of the powder. The tap-density of
LiFePO, powder is usually 1.0-1.3 g cm ™, which is much
lower than the tap-density of commercially used LiCoO,
(2.3-2.5 g cm™>). The low tap-density of LiFePO, limits
the energy density of lithium ion batteries. The powders
composed of spherical particles have higher density than
the powders composed of irregular particles. Therefore, to
obtain high tap-density of LiFePO, powder, preparing
spherical powders is expected as an effective way.

Several papers have suggested metal ion doping as a
method for improving performance [6, 14—16]. Substituting
Mg and other species on the Li site was reported by Chung
et al. [6] to give a greatly increase in conductivity of
LiFePO, and a greatly improved electrode performance.
The first reported work on substituting Mg on the Fe site
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(LiFe, _Mg,PO, materials) was reported by Barker et al.
[17] who successfully synthesized LiFeyoMgg PO, via a
carbothermal reaction. Later several publications con-
firmed the formation of this material under different syn-
thesis conditions and reported improved capacity,
conductivity, and rate capability [18-21].

In this study, spherical LiFePO,/C and LiFeyoMg
PO4/C cathode materials were synthesized by a solid-
mixture of Li,COs;, spherical FePO4, and sugar. The
physicochemical properties and electrochemical behaviors
of the samples were characterized.

2 Experimental

Following the method reported by Wilhelmy and Matijevi¢
[22], spherical FePO, powder was prepared by aging a
solution of FeCl; (2 x 107> M) and H;PO, (3 x 1072 M)
at 40 °C. The resulting particles were thoroughly washed
by distilled water and finally dried in vacuum at 60 °C for
24 h. The spherical FePO, - xH,O powder was pre-heat
treated at 550 °C for 7 h in air to obtain spherical anhy-
drous FePO, powder. For preparing spherical LiFePO,/C
and LiFe Mg, PO4/C, stoichiometric amounts of LiOH,
Mg(OH),, and sugar were uniformly mixed in a molar
ration of LiOH:Mg(OH),:sugar:H,O = 1.0:0.1:0.1:4.
Then, spherical FePO, powder in a molar ratio of
FePO4:LiOH = 1:1 was added into the slurry and agitated
the mixture. The mixed slurry was dried and then heated at
600 °C for 5 h in Ar flow.

The sample morphology was examined by a JSM 6700
field emission scanning electron microscope (FESEM)
operating at an accelerating voltage of 5 kV. The amount
of carbon and Mg was determined by Oxford INCA Energy
Dispersive X-ray (EDX) Spectrometer. The crystal struc-
tures of samples were characterized by X-ray diffraction
(XRD) on a Bruker GADDS diffractometer using Cu Ko
radiation and a graphite monochromator. The surface ele-
ments’ content of LiFePO,/C and LiFeyoMggPO4/C
powders were determined by an X-ray photoelectron
spectrometer (XPS, VG ESCALAB MKII) equipped with a
Mg Ka X-ray sources.

The spherical LiFePO,/C and LiFe, Mg 1PO4/C were
mixed with 10 wt% of carbon black and 10 wt% of poly
vinylidene difluoride (PVDF) in 1-methyl-2-pyrrolidinone
(NMP). The slurry was used to coat 20-um thick alumin-
ium disks of 13 mm diameter to a mass loading of
2 mg cm™? after drying (at 120 °C) and compaction (at
2.0 x 10° Pa). Each coated electrode was assembled in a
2,016 coin cell using a lithium counter electrode, a
microporous polypropylene separator, and an electrolyte of
1 M LiPFg in a 50:50 (w/w) mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC). Cell assembly was
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carried out in an argon-filled glove box with less than
1 ppm each of oxygen and moisture.

The cells were discharged and charged at 25 °C on a
Bitrode battery test system. Cyclic voltammetry was
conducted with an EG&G model 263A potentiostat/
galvonostat.

3 Results and discussion

The morphology for FePO,, LiFePO,/C, and LiFe, Mgy ;
PO,/C powders was observed on SEM, as shown in Fig. 1.
The FePO, particles are small spherical particles that are
fairly well-dispersed, and have a uniform particles size
(about 1 pum) distribution (Fig. 1a). It is obviously recog-
nized that the small spherical particles grow via the
aggregation of small primary particles, similar to the case
of spherical nickel [23], manganese [24], and iron [25]
phosphate particles reported previously. The LiFePO,/C
and LiFey,oMg,PO4/C particles are also composed of
spherical particles similar to the FePO, precursors (Fig. 1b,
c), although there are small quantities of fragments. The
tap-density of the spherical LiFePO,/C and LiFeqg.
Mg, PO/C powders are 1.75 and 1.77 g cm ™, respec-
tively, which are remarkably higher than the non-spherical
LiFePO, powders (the tap-density is 1.0-1.3 g cm™>). For
practical applications, the high tap-density of LiFePO,
cathode materials leads to the high volumetric specific
capacity.

The XRD spectra of FePO, after being treated at dif-
ferent temperatures are shown in Fig. 2. It can be seen
obviously that the FePO, produced are amorphous. This
amorphous structure strongly supports that the uniform
spherical particles are agglomerates of primary particles as
same as reported for iron phosphate particles [25]. The
amorphous structure is preserved up to 300 °C. After cal-
cining the particles above 400 °C, the characteristic XRD
patterns of FePO, appear. In the present study, consider-
able crystallization has occurred under heating at 400 °C.
Nevertheless, the crystalline peak intensities of the 400 °C
samples are less than those samples prepared at higher
temperatures. The crystallization temperature of LiFePO,
has been reported to be ~567 °C, based on a different
thermal analysis study [26]. The spectrum of LiFegq.
Mg, 1PO4/C is almost the same as the spectrum of pure
ordered orthorhombic olivine structured LiFePO, (Fig. 3).
The absence of any other signals indicates there are no
unwanted impurity phases, such as Li;PO4 and Fe’" rela-
ted compounds. No evidence of diffraction peaks for
crystalline carbon appeared in the diffraction patterns,
which indicates that the carbon generated from sugar is
amorphous carbon and its presence does not influence the
structure of LiFePO,. The amounts of carbon in the
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Fig. 1 SEM images of FePO, (a), LiFePO,/C (b), and LiFeqq
Mg 1PO4/C (c) powders

LiFePO,/C and LiFe,9Mg,PO4/C are about 8.15 and
8.28 wt%, respectively, through the element analysis, in
other words, the molar ratios of LiFePO4:C and LiFegq
Mg 1PO,4:C are about 1:1.17 and 1:1.19, respectively.

In order to examine the surface elements’ content of the
LiFePO,/C and LiFeyoMg,PO4/C, XPS analysis was
performed. As shown in Fig. 4, a sharp peak at about
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Fig. 2 XRD spectra of FePO, treated at different temperatures of
300, 400, 500, and 700 °C for 3 h in air
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Fig. 3 XRD spectra of LiFePO,/C and LiFe,oMgg ;PO,/C prepared
at 600 °C for 5 h in Ar flow

283.5 eV corresponding to C 1s with a high intensity is
noted. The binding energy of Fe 2p, O 1s, and P 2p are
determined to be 709.4, 529.5, and 131.5 eV, respectively.
As the binding energy for the Li ls emission peak at
55.6 eV is very close to the Fe 3p peak at about 54.1 eV,
accurate determination of its binding energy and estimation
of the element content were precluded. Mg 2p peak at
50.0 eV is not seen clearly since it is superposed on the Fe
3p and Li 1s at about 54.1 eV. According to XPS analysis
on the surface of the LiFePO,/C and LiFey Mg, PO,/C,
the C:P molar ratios are about 6:1 and 5.9:1, which indicate
the surface composition should be mainly the carbon
and the LiFePO, or LiFeyoMg( PO, particles rather per-
fectly coated by carbon [12]. EDX spectra of the LiFePO,/
C and LiFey oMg, PO,4/C are shown in Fig. 5. The Mg:Fe
molar ratio is 1:8.6 in the LiFe,oMgyPO4/C, which
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Fig. 4 XPS spectra of LiFePO,4/C and LiFe, Mg, 1PO,/C powders

corresponded well with the amounts of Mg and Fe used in
the starting mixture. The results of XPS and EDX analysis
indicate that the Li, Fe, P, C, and Mg contents in the
LiFePO,/C and LiFey Mg, PO,4/C are about the same as
that in the initial mixtures.

Typical charge/discharge curves of the LiFePO,/C in the

in Fig. 6. The first discharge capacity is 148 mAh g~!, and

then increases to 157 mAh g~ in the second cycle, which
is due to the “activation” of the first cycle reaction [27]. A
flat and long voltage curve around 3.4 V indicates that the
two-phase redox reaction proceeds via a first-order transi-
tion between LiFePO, and FePO,. The large discharge
capacity of the samples was due to the relatively small
particle size. The electronic conductivity of LiFePO, is
very low, and diffusion of Li* ion in the olivine structure is
slow [1, 4, 28]. The smaller particle size, which is helpful
for accessibility of the redox centers, is preferable to
achieve larger capacity.

The results of CV experiments on LiFePO,/C and
LiFey 9oMg, PO4/C are presented in Fig. 7, where anodic
and cathodic peaks appear at ~3.6 and 3.3 V for both
materials, respectively. The main differences between
LiFePO,/C and LiFeyoMg, PO,4/C are in the peak shapes
and heights of the voltammogram. The redox current
for LiFeqoMgy PO4/C (0.85 mA) is higher than that for
LiFePO,/C (0.68 mA). The larger redox current for LiFeg o
Mg, PO4/C results from its higher utilization due to its
good electronic conductivity and lithium ion diffusivity,
compared with the un-doped LiFePO,/C.

Figure 8 shows discharge curves of the LiFePO,/C and

first two cycles with low current density (0.1 C) are shown  LiFeyoMg PO4/C measured at various rates. The
Fig. 5 EDX spectra of (a) Spectrum 1
LiFePO,/C (a) and
LiFey Mg 1PO4/C (b) powders 0
P
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Fig. 6 Typical charge/discharge curves of LiFePO,/C powder at
0.1C
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Fig. 7 Cyclic voltammograms of LiFePO,/C and LiFe, oMg ;PO4/C
powders

electrode was charged up to 4.2 V at 0.1 C prior to each
discharge. The LiFePO,/C and LiFey Mg, PO4/C showed
good rate capabilities, and the discharge capacities at 1 C
were 110 and 120 mAh g~', respectively. The LiFeqq
Mg, PO4/C has larger capacities compared with the
LiFePO,/C at all C-rates. The enhanced rate capability
when the Mg-substituted for Fe in the precursor mixture is
more likely to originate in the electronic conductivity. On
the other hand, these good rate capabilities may attribute to
the small particle size and enhanced the electronic con-
ductivity of the LiFePO,/C and LiFey Mg, PO,4/C using
carbon coating. In order to enhance the electronic con-
ductivity of the material, extensive studies have been car-
ried out by using some carbon coating techniques [2-7,
28]. Carbon coating on the particle is effective in
decreasing the resistance of the cathode.
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Fig. 8 Discharge curves of LiFePO,/C powder (a) and LiFego
Mg, PO4/C powder (b) at different current. The electrode was
charged up to 4.2 V at 0.1 C prior to each discharge at various rates
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coin cells at 1 C
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Figure 9 shows the specific capacity of the LiFePO,/C
and LiFey 9oMg, PO,4/C in function of the cycle number at
1 C. The initial discharge capacities of the LiFePO,/C and
LiFeg9Mg( PO4/C were 110 and 120 mAh gfl, respec-
tively. The capacity fading over 50 cycles is 12% for
LiFePO,/C, but only 6% for LiFey Mg, ;PO4/C. The good
cycling performance of the LiFe, ¢Mg {PO4/C is attributed
to the enhancement of the electronic conductivity by the
Mg substitution.

4 Conclusions

The spherical LiFePO,/C and LiFe, Mg ;PO,/C powders
have been synthesized via a uniform-phase precipitation
method. The uniform spherical particles as prepared are
amorphous, but they were crystallized to FePO, after cal-
cining above 400 °C. After calcinations of it with LiOH
and sugar or LiOH, Mg(OH),, and sugar, the final products,
LiFePO,/C, and LiFey oMg, PO4/C, became much denser,
leading to the tap-density is as high as 1.75 g cm ™ for
LiFePO4,/C and 1.77 g cm > for LiFeq oMg 1PO4/C,
respectively. The excellent specific capacities of 148 and
157 mAh g~ " at 0.1 C were achieved for the LiFePO,/C
and LiFey Mg, PO,/C, respectively. Comparison of the
cyclic voltammograms of LiFePO,/C and LiFeyoMg
PO,/C shows enhanced redox current and reversibility for
the sample substituting Mg on the Fe site. LiFegq.
Mg, PO4/C exhibits good high-rate and cycle perfor-
mances. This uniform-phase precipitation synthesis is an
excellent powder preparation alternative method for high
capacity cathode materials to be used in a Li-ion secondary
battery.
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