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a b s t r a c t

In this study, a solution method was employed to synthesize LiFePO4-based powders with Li3PO4 and Fe2P
additives. The composition, crystalline structure, and morphology of the synthesized powders were inves-
tigated by using ICP-OES, XRD, TEM, and SEM, respectively. The electrochemical properties of the powders
were investigated with cyclic voltammetric and capacity retention studies. The capacity retention stud-
ies were carried out with LiFePO4/Li cells and LiFePO4/MCMB cells comprised LiFePO4-based materials
prepared at various temperatures from a stoichiometric precursor. Among all of the synthesized pow-
ders, the samples synthesized at 750 and 775 ◦C demonstrate the most promising cycling performance
with C/10, C/5, C/2, and 1C rates. The sample synthesized at 775 ◦C shows initial discharge capacity of

−1 ◦

livine structure
ithium ion battery

155 mAh g at 30 C with C/10 rate. From the results of the cycling performance of LiFePO4/MCMB cells,
it is found that 800 ◦C sample exhibited higher polarization growth rate than 700 ◦C sample, though it
shows lower capacity fading rate than 700 ◦C sample. For Fe2P containing samples, the diffusion coef-
ficient of Li+ ion increases with increasing amount of Fe2P, however, the sample synthesized at 900 ◦C
shows much lower Li+ ion diffusion coefficient due to the hindrance of Fe2P layer on the surface of LiFePO4

particles.
. Introduction

Olivine-structured LiFePO4 shows advantages of low cost, rela-
ive abundance of rough materials, small volume change during the
harge/discharge process, and high thermal stability. Therefore, it
as become the most promising cathode material for large scale

ithium ion batteries as the power storage sources for use in hybrid
lectric vehicles (HEVs) and electric vehicles (EVs) [1]. However,
iFePO4 is suffered from not only its poor electronic conductiv-
ty (∼10−9 S cm−1) but also the low mobility of Li+ ions across the
iFePO4/FePO4 interface [2]. There are many methods that have
een proposed to improve the electronic and ionic conductivity,
uch as carbon coating [3–6], morphology refinement [7,8], and
etal ion doping [9–11].
It has been reported that additives, such as Fe2P and Li3PO4,

ay also form in the LiFePO4 samples while the temperature of
eat treatment is higher than 800 ◦C or the reductive environment
s employed [12]. Orthorhombic structured Li3PO4 has relatively
ow conductivity (∼10−13 S cm−1 at 25 ◦C) which is even lower than
hat of LiFePO4 (∼10−9 S cm−1), thus resulting in blocking the elec-
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tron conduction between LiFePO4 particles and decreasing the rate
capability of the prepared LiFePO4 sample [13,14]. On the contrary,
it had been reported that Fe2P networks at the surface of LiFePO4
particles can enhance the electronic conductivity of LiFePO4 sample
due to the high conductivity of Fe2P (∼1.5 S cm−1) [15]. Therefore,
the existence of Fe2P may be expected to improve the rate capabil-
ity of LiFePO4 materials [13,14,16–18]. In general, LiFePO4 samples
with hexagonal Fe2P were prepared via a (a) carbothermal reduc-
tion or (b) hydrogen reduction [12].

6LiFePO4 + 8C(16C) → 2Fe2P + 2Li3PO4 + 2FeP

+ 8CO2↑ (or16CO ↑) → 3Fe2P + 2Li3PO4 + P ↑ (a)

6LiFePO4 + 16H2 → 2Fe2P + 2Li3PO4 + 2FeP + 16H2O ↑
→ 3Fe2P + 2Li3PO4 + P ↑ (b)

In this study, olivine LiFePO4 materials containing Fe2P and
Li3PO4 additives were prepared via a solution method by having a
stoichiometric LiFePO4 precursor heat-treated at various tempera-

tures ranging from 700 to 900 ◦C. The effects of Fe2P and Li3PO4
additives on the electrochemical properties of LiFePO4 samples
were investigated by cycling voltammetric analysis and capacity
retention study.

dx.doi.org/10.1016/j.jpowsour.2010.11.138
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shwu@ttu.edu.tw
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. Experimental

Stoichiometric LiFePO4 precursor was synthesized via a solution
ethod by having iron powder (NC100.24, 99%, Hoganas, Sweden)

issolved in an aqueous citric acid (99.5%, Wako Pure Chem. Ind.,
td., Japan) solution with iron: citric acid molar ratio of 1.0:0.25.
hen, H3PO4 (85%, Wako Pure Chem. Ind., Ltd., Japan) and LiOH
95%, Wako Pure Chem., Ind., Ltd., Japan) were added into the solu-
ion with Li:Fe:P stoichiometric ratio of 1:1:1. 10 wt% of sucrose
Wako Pure Chem., Ind., Ltd., Japan) was added into the mixtures
s a carbon source. After stirring for 4 h, the bath temperature was
aised up to 65 ◦C to evaporate water to become precursor powder.
inally, the precursor was heated at 300 ◦C for 8 h followed by heat-
reating at temperatures between 700 and 900 ◦C for 8 h under N2
tmosphere. The compositions, crystalline structures, morpholo-
ies, carbon content, and particle size of the synthesized powder
ere investigated by inductive coupled plasma optical emission

pectrometer (ICP-OES Optima 2100, PerkinElmer, USA), X-ray
iffractometer (XRD6000, Shimadzu Corporation, Japan), scanning
lectron microscope (JSM-5600L, JEOL Ltd., Japan), field-emission
ransmission electron microscope (JEM-2100, JEOL Ltd., Japan), and
lement analyzer (EA, Vario EL III, Heraeus Elementar, Germany).

The synthesized materials were mixed with polyvinylidene
uoride (PVDF, Kynar 740, ELF, Germany) and acetylene black
99.99%, Strem Chemicals Inc., USA) with a weight ratio of 83:7:10
n adequate amount of N-methyl-2-pyrrolidone (NMP, ultra, ISP
echnologies Inc., USA) and stirred for 1 day to become slurry.
hen the slurries were coated on aluminum foil by a doctor
lade coater. After drying and pressing, the tapes were punched

nto 10.0 mm disk electrodes. The electrodes were assembled into
R2032 coin-type cells with Li or MCMB anodes, 1 M LiPF6 in
C–DEC (volume ratio of 1:1) (Tomiyama, Japan) electrolyte, and
eparator (Celgard 2400, Hoechst. Celanese, USA) in an argon-filled
love box. The assembled cells were used for capacity retention and
ycling voltammetric studies with home-made battery tester and
potentiostat/galvanostat (Autolab PGSTAT30, Eco Chemie B.V.,
etherlands) with various C rates or potential scan rates within
utoff voltages of 2.5 and 4.3 V at 30 ◦C.

. Results and discussion

The compositions of the LiFePO4 powders synthesized at various
eat-treatment temperatures determined by ICP-OES were close
o the expected stoichiometric ratio. The XRD patterns of the pre-
ared LiFePO4 samples are shown in Fig. 1(a). Olivine structure was
ound exclusively in the samples prepared at temperatures lower
han 800 ◦C. In addition to the olivine phase, hexagonal Fe2P can
e found in samples prepared at temperatures higher than 800 ◦C,
hereas orthorhombic Li3PO4 can also be observed in samples

◦
eated at temperatures higher than 850 C, as shown in Fig. 1(b).
he calculated lattice constants of olivine in the prepared sam-
les are summarized in Table 1. Among the prepared samples, the
50 ◦C sample showed the largest bc value. It has been reported that

able 1
alculated lattice parameters of olivine of the LiFePO4 powders synthesized at var-

ous heat-treatment temperatures.

Sample Lattice parameter

a (Å) b (Å) c (Å) bc (Å2)

700 ◦C LiFePO4 10.320(5) 6.004(1) 4.692(5) 28.17
750 ◦C LiFePO4 10.328(9) 6.016(2) 4.681(4) 28.28
775 ◦C LiFePO4 10.323(8) 6.005(5) 4.694(6) 28.19
800 ◦C LiFePO4 10.324(9) 6.006(0) 4.693(6) 28.19
850 ◦C LiFePO4 10.325(4) 6.004(8) 4.691(3) 28.17
900 ◦C LiFePO4 10.329(4) 6.006(2) 4.691(1) 28.17
Fig. 1. (a) XRD patterns of the LiFePO4 powders synthesized at various heat treat-
ment temperatures and (b) partial enlargement of the patterns of the samples
prepared at 800 and 850 ◦C.

LiFePO4 with larger bc value could profit the electrochemical per-
formance due to the enhancement of the diffusion path of lithium
ion [19]. From the results of EA analysis listed in Table 2, it can be
found that the variation of the carbon content of the prepared sam-
ples is insignificant except the 900 ◦C sample. It may suggest that
the degree of carbon content may not play an important role on the
electrochemical properties for samples prepared at temperatures
lower than 850 ◦C.

From the SEM photographs of the prepared samples, as shown
in Fig. 2, particle agglomeration can be obviously observed. The pri-
mary particle size of the prepared samples increases from 110 nm to
180 nm as the heat-treatment temperature was increased from 700
to 800 ◦C and becomes 300 nm in 900 ◦C prepared sample. That may
be attributed to the grain growth of particles at high temperatures,
especially for 900 ◦C sample. From the FEG-TEM photograph and
the SAD pattern of the sample prepared at 900 ◦C (shown in Fig. 3),
a layer of Fe2P can be observed on the surface of LiFePO4 particle

and a value of 2.2525 Å for d1 1 1 of hexagonal structured Fe2P was
obtained by Gatan Digital-Micrograph. This value is slightly higher
than the standard value of Fe2P (2.2371 Å).

Table 2
Carbon contents of the LiFePO4 powders synthesized at various heat-treatment
temperatures.

Sample Carbon content (wt%)

700 ◦C LiFePO4 5.05
750 ◦C LiFePO4 5.216
775 ◦C LiFePO4 5.224
800 ◦C LiFePO4 5.32
850 ◦C LiFePO4 4.656
900 ◦C LiFePO4 4.237
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esized at (a) 700 ◦C, (b) 750 ◦C, (c) 775 ◦C, and (d) 800 ◦C.
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Fig. 2. SEM photographs of LiFePO4 samples synth

The charge/discharge curves of the second cycle of the coin-
yped LiFePO4/Li cells comprised LiFePO4 samples synthesized at
arious heat-treatment temperatures are plotted in Fig. 4. All sam-
les show characteristic charge/discharge potential plateaus of
iFePO4 at 3.44 V and 3.39 V vs. Li/Li+. The discharge capacities of
econd cycle for the LiFePO4 samples synthesized at 700, 750, 775,
00, 850, and 900 ◦C are 145, 150, 155, 143, 136 and 91 mAh g−1,
espectively, as the cells were cycled with 1/10C rate. The results of
he capacity retention studies for the cells comprised the prepared
amples cycled with various C rates at 30 ◦C are shown in Fig. 5. The

◦
amples prepared at 750 and 775 C show superior cycling perfor-
ance than others because of their large bc values and the presence

f small amount of Fe2P though it could not be identified from the
RD patterns. Figs. 6 and 7 show the charge/discharge curves of

ig. 3. FEG-TEM photograph and SAD pattern of the sample synthesized at 900 ◦C.
Fig. 4. Charge/discharge curves of the second cycle of the LiFePO4/Li coin-typed
cells comprised LiFePO4 samples synthesized at (a) 700 ◦C, (b) 750 ◦C, (c) 775 ◦C, (d)
800 ◦C, (e) 850 ◦C, and (f) 900 ◦C.
the second cycle and the results of capacity retention study of the
cells comprised LiFePO4 sample synthesized at 775 ◦C. Due to the
increasing capacity during the initial cycles that may be caused by
the inappropriate cell assembly, the charge/discharge curves of the

Fig. 5. Cycling performance of the LiFePO4/Li coin-typed cells comprised samples
synthesized at various heat-treatment temperatures.
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Fig. 8. Cycling performance of the LiFePO4/MCMB cells comprised samples synthe-

materials are diffusion-limited processes. The diffusion coefficients
ig. 6. Charge/discharge curves of the second cycle of the LiFePO4/Li coin-typed
ells comprised sample synthesized at 775 ◦C with (a) C/10, (b) C/5, (c) C/2, and (d)
C rates.

econd cycle are shown, and the 775 ◦C sample shows discharge
apacities of 155, 146, 130 and 122 mAh g−1 as it was cycled with
/10, C/5, C/2, and 1C rates, respectively. The polarization between
harge and discharge plateaus increases while the charge/discharge
apacities decrease with increasing cycling rate. Several studies had
eported that samples containing Fe2P can improve the cycling per-
ormance and rate capability of LiFePO4 materials [13,14,16–18].
owever, the Fe2P containing samples synthesized at tempera-

ures higher than 800 ◦C in this study do not show improvement
n cycling performance and rate capability. That may be attributed
o the grain growth and the formation of Li3PO4 in the samples
repared at temperatures higher than 800 ◦C [13].

It had been suggested that the existence of small amount of Fe2P
n the surface of particles could improve the electrochemical prop-
rties of LiFePO4 material [14]. For comparison, LiFePO4/MCMB
ells comprised samples synthesized at 700 and 800 ◦C were cycled
ith 0.15C rate at room temperature to reveal the effect of Fe2P

n the cycling performance of LiFePO4 material. Fig. 8 shows the
esults of the capacity retention LiFePO4/MCMB cells. The cell com-
rised 800 ◦C sample shows lower capacity fading rate than that
f 700 ◦C sample. That may be attributed to the sample prepared
t 700 ◦C has smaller particle size and larger specific surface area,
hus higher iron ion dissolution and higher capacity fading rates
han 800 ◦C sample. From the charge/discharge curves of the 1st,
0th, 20th, 50th, and 100th cycles of the LiFePO4/MCMB cells pre-

ared with samples synthesized at 700 and 800 ◦C, shown in Fig. 9,

t is found that the LiFePO4/MCMB cell comprised 800 ◦C prepared
ample shows higher polarization growth rate than that of 700 ◦C

ig. 7. Cycling performance of the LiFePO4/Li coin-typed cells with various C rates
or cells comprised sample synthesized at 775 ◦C.
sized at 700 and 800 ◦C with 0.15C rate.

sample. That may be caused by the growth of SEI layer due to the
reactions between additives and electrolyte.

Fig. 10 presents the typical cycling voltammograms of
LiFePO4/Li cells prepared with sample synthesized at 800 ◦C
with various potential scan rates. Similar works were also per-
formed for samples prepared at other temperatures. The plots
of anode/cathode peak currents, ip, of Fe3+/Fe2+ redox couple
against the square root of the potential scan rate, �1/2, are shown
in Fig. 11. A linear relationship between the peak currents and
�1/2 are found for the prepared samples. It suggests that the Li+

ion intercalation/de-intercalation into/from the prepared LiFePO4
Fig. 9. Charge/discharge curves of the 1st, 10th, 20th, 50th and 100th cycles of the
LiFePO4/MCMB cells with 0.15C rate for cells comprised samples synthesized at (a)
700 ◦C and (b) 800 ◦C.
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Table 3
Calculated diffusion coefficients of Li+ ions at 30 ◦C for the LiFePO4 materials pre-
pared at various temperatures.

Sample Doxidation (cm2 s−1) Dreduction (cm2 s−1) Daverage (cm2 s−1)

700 ◦C LiFePO4 8.80 × 10−11 6.36 × 10−11 7.58 × 10−11

750 ◦C LiFePO4 1.79 × 10−10 1.32 × 10−10 1.56 × 10−10

775 ◦C LiFePO4 1.49 × 10−10 9.24 × 10−11 1.21 × 10−10

800 ◦C LiFePO4 1.85 × 10−10 1.06 × 10−10 1.46 × 10−10
ig. 10. Cyclic voltammograms of second cycle of the LiFePO4/Li coin-typed cells
omprised sample synthesized at 800 ◦C under various scan rates.

f Li+ ion can be calculated from the relationship between ip and
1/2 shown as follows:

p = 0.4463nFAC
(

nF

RT

)1/2
D1/2�1/2K(�, ˛)

here n is the number of electron transferred in the process, F is the

araday constant (96500), A is the surface area of cathode electrode
ontacts with electrolyte (about 1600 cm2), C is the concentration
f lithium ion, D is the diffusion coefficient, and K(�,˛) is 1 for a

ig. 11. Plots of peak current of Fe3+/Fe2+ redox couple of the cyclic voltammo-
rams performed with various scan rates against the square root of scan rate, �1/2,
a) cathodic currents and (b) anodic currents, for samples prepared at various tem-
eratures.
850 ◦C LiFePO4 2.05 × 10−10 1.11 × 10−10 1.58 × 10−10

900 ◦C LiFePO4 3.52 × 10−12 7.92 × 10−12 5.72 × 10−12

reversible reaction [20]. From the slopes shown in Fig. 11, the diffu-
sion coefficients of Li+ ion during oxidation, Doxidation and reduction,
Dreduction can be calculated and summarized in Table 3. It can be
found that 750 ◦C synthesized sample shows higher Li+ ions dif-
fusion coefficient than others except 850 ◦C sample. It can be due
to the 750 ◦C sample exhibits larger lattice parameters than oth-
ers. However, for samples prepared at temperature between 775
and 850 ◦C, Li+ ions diffusion coefficient increase with increasing
amount of Fe2P additive. The sample synthesized at 850 ◦C shows
even higher Li+ ions diffusion coefficient than that of 750 ◦C sample.
It may be caused by the formation of a defect structure of LiFePO4
that can enhance the Li+ ion diffusion due to the formation of Fe2P
and Li3PO4 additives. However, the effects of formation of Fe2P and
Li3PO4 additives on Li+ motion in LiFePO4 are still unclear. For the
sample synthesized at 900 ◦C, a layer of Fe2P formed on the sur-
face of LiFePO4 particle, as shown in Fig. 3, which might hinder the
transportation of Li+ and result in the low Li+ ion diffusion coef-
ficient. These results are similar to those reported by Song et al.
[21]. They suggested that there is a critical concentration of Fe2P,
and LiFePO4 sample with Fe2P can improve the rate capability and
cycling behavior within the critical concentration, while LiFePO4
sample with Fe2P content above the critical concentration will give
much more poor cycling performance.

4. Conclusions

Olivine structured LiFePO4 samples were successfully synthe-
sized via a solution method. From the XRD patterns of the prepared
samples, LiFePO4 sample containing Fe2P can be obtained by heat-
treating the stoichiometric precursor at temperatures higher than
800 ◦C, while Li3PO4 is also found in samples heat-treated at tem-
peratures higher than 850 ◦C. Samples synthesized at 750 and
775 ◦C show the most promising cycling performance among the
prepared powders. That may be attributed to the 750 ◦C sample has
the largest bc value and thus 775 ◦C sample contains small amount
of Fe2P. Samples prepared at temperatures higher than 800 ◦C show
worse cycling performance than 750 and 775 ◦C samples due to
the existence of Li3PO4 and larger particle size than 775 ◦C sample.
LiFePO4/MCMB cell comprised 850 ◦C sample shows lower capac-
ity fading rate than that assembled with 700 ◦C sample due to the
larger particle size. However, it shows high polarization growth rate
that might be caused by the reactions between the additives and
electrolyte. For the samples containing Fe2P, Li+ ion diffusion coeffi-
cient increases with increasing temperature of heat-treatment and
increasing amount of Fe2P except 900 ◦C synthesized sample. That
may be caused by the formation of defect structure of LiFePO4 due
to the formation of Fe2P and Li3PO4 additives which can enhance
the diffusion of Li+ ions. Layers of Fe2P on the surface of LiFePO4
particles may hinder the diffusion of Li+ ions.
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