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a  b  s  t  r  a  c  t

A  carbon-free  LiFePO4 cathode  material  for  lithium–ion  battery  has  been  synthesized  by  a  mechani-
cal  activation  method.  High  electron  conductive  iron  phosphides  (Fe2P/FeP)  are  in situ  introduced  into
the products  during  the calcination  process  in  order  to improve  the high  rate  capability  of  the  LiFePO4

materials.  The  amount  of the iron  phosphides  is  adjusted  by  the  calcination  time.  The  study  of  the  struc-
ture and electrochemical  performance  of the  LiFePO4 products  shows  that  the  calcination  time  imposes
eywords:
lectrode materials
iFePO4

hemical synthesis
ron phosphides
igh-rate capability

minor  effect  on the  size  and  shape  of  the  LiFePO4 particles,  but varies  the  phase  structure,  crystallinity
and  finally  the  electrochemical  performance  of the  LiFePO4 products  as  a consequence.  The content  of
Fe2P/FeP  increases  gradually  with  the  calcination  time.  Suitable  amount  of  Fe2P/FeP  and  good  crystallinity
play  effective  role  in improving  the high-rate  capability  of the  carbon-free  LiFePO4 material.  Specific  dis-
charge capacities  over  110  mAh/g  at  5 C and  100  mAh/g  at 10  C  are  obtained  for the  LiFePO4 material
containing  4–5  wt.%  Fe2P/FeP.
. Introduction

Olivine LiFePO4 has attracted extensive attention as one of the
romising cathode materials for lithium ion rechargeable batteries
ince the pioneering work of Padhi et al. [1]. Due to its well-known
dvantages, such as the excellent thermal stability, low cost and
nvironmental benignancy, etc., LiFePO4 is expected to be applied
n the high power batteries for powering electric vehicle and hybrid
lectric vehicle, etc. But the drawbacks of low electronic conductiv-
ty (ca. 10−9 S/cm) [2] and low Li ion diffusion rate within particles
ca. 10−16–10−14 cm2/s) [3,4] for LiFePO4 undermine greatly the
ate performance of the material. Therefore, intensive effort has
een devoted to improve the electric conductivity of the mate-
ial. Coating high conductivity phase (generally carbon) [5–8],
educing particle size [9,10] and doping with super valence ions
11–15], etc., are all effective ways in enhancing electric conduc-
ivity, consequently improve the high-rate capability of LiFePO4.

oreover, in many cases, carbon coating and particles minimiza-
ion to nano scale are simultaneously adopted [16,17]. Besides, it
as ever reported that the introduction of Fe2P phase in LiFePO4

nhance dramatically the electronic conductivity of LiFePO4 from

a. 10−9 to 10−2 S/cm [18]. The formation of Fe2P shows metal-
ic type conductivity on the surface of the LiFePO4 grains in the
ourse of phospho-olivine synthesis [19]. The favorable effect of

∗ Corresponding author. Tel.: +86 571 87952615; fax: +86 571 87952615.
E-mail address: gaomx@zju.edu.cn (M.  Gao).
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Fe2P on the kinetic electrochemical performance of LiFePO4 has
been recognized gradually [19–22].

Carbon coating has been proved as an effective way to improve
the rate performance of LiFePO4 cathode. However, Chen and Dahn
[23] demonstrated that even 3 wt.% of carbon coating decreased the
tap density of LiFePO4 by over 40%. Therefore, carbon-free LiFePO4
is expected beneficial in improving the specific volumetric capac-
ity of LiFePO4 material. Carbon-free LiFePO4 materials have been
reported possessing high-rate capability in previous literature, but
commonly, nano-size particles [24,25] are required, which lead
to a low tap density and hence decreases the specific volumetric
capacity of the LiFePO4 [26].

The present study intends to prepare a carbon-free LiFePO4
material with moderate particle size (sub-micron). In order to
improve electronic conductivity of the LiFePO4 materials, high elec-
tron conductive iron phosphides (Fe2P/FeP) are in situ introduced
during the fabrication process. As the mass density of Fe2P/FeP
is more than twice higher than that of carbon, the carbon-free
LiFePO4 material containing Fe2P/FeP is considered beneficial in
increasing its packing density. Considering the negative effect of
the carbon coating on the packing density on the cathode mate-
rial, the introduction of Fe2P/FeP rather than carbon coating is
expected beneficial in improving the specific volumetric capacity of
the LiFePO4 cathode material. But Fe2P is electrochemically inactive

[21] and FeP should be inactive, too, and other inactive impurities
such as Li3PO4, etc. form with the formation of the Fe2P/FeP phases,
therefore the amount of Fe2P/FeP should be carefully optimized. In
the present study, a mechanical activation method was  adopted to

dx.doi.org/10.1016/j.jallcom.2011.08.067
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. SEM images of samples calcined at 700 ◦C in N2 + 5 vol% H2 atmos

repare carbon-free LiFePO4 materials. Different calcination times
ere used in order to adjust the amount of Fe2P/FeP. The struc-

ure and electrochemical performance of the materials prepared
ith different calcination times were analyzed, and an optimized

mount of Fe2P/FeP and the corresponding calcination time were
uggested.

. Experimental

Lithium carbonate, ferrous oxalate dihydrate and ammonium dihydrogen phos-
hate (chemicals purity >99%) were selected as starting materials in an amount
ased on the stoichiometric composition of LiFePO4. The starting materials were ball
illed for 3 h in acetone with a ball-to-powder weight ratio of 10:1 and a rotation

peed of 300 rpm by using a planetary mill. The resulting suspension was pre-heated
t  350 ◦C for 10 h in Ar, followed by another ball milling for 1 h in Ar. The ball milled
ntermediate product was then calcined at the temperature of 700 ◦C in N2 + 5 vol%

2 atmosphere for 1, 4, 8, 10, 12, and 14 h, respectively. These time series were
esigned so that the influence over the structure and performance of the synthe-
ized LiFePO4 composites can be investigated. A heating rate of 10 ◦C/min and a

atural cooling in the furnace were adopted in the calcination process.

The morphology of the LiFePO4 products was observed by scanning electron
icroscopy (SEM, Sirion-100, FEI). The particle size was measured using a particle

ize analyzer (LS13 320, Beckman coulter) after an ultrasonic dispersion in acetone.
he phase structure of the products was analyzed by X-ray diffraction (X’Pert PRO,
 for different times: (a) 1 h, (b) 4 h, (c) 8 h, (d) 10 h, (e) 12 h, and (f) 14 h.

PANalytical) using Cu K  ̨ radiation (� = 1.54056 Å) by a step scanning method with
a  step interval of 0.02◦ and a count time of 1 s per step. The lattice parameters of
the LiFePO4, the phase composition and content of the products were analyzed by
a  Rietveld refinement method.

Electrochemical testing was carried out by coin cells of CR2025 with Li foil
as  anode and counter electrode and a microporous polyethylene sheet (Celgard
2400, Celgard) as separator. The cathodes were prepared by mixing the as-prepared
LiFePO4 product, acetylene black with polyvinylidene fluoride (PVDF) in a weight
ratio of 75:15:10 in N-methyl-pyrolidinone, forming slurry, and subsequently past-
ing  the slurry on an Al foil, followed by a heating at 120 ◦C for 14 h under vacuum.
Then disks were punched from the foil in a diameter of 14 mm,  followed a press-
ing of 6 MPa  for 30 s. A typical cathode disk contained the LiFePO4 product of about
3.6  mg/cm2. A solution of 1 M LiPF6 with ethylene carbonate (EC)/dimethyl carbon-
ate  (DMC) (1:1 by volume) was used as electrolyte. The cells were assembled in a
glove box (Labstar, Braun) filled with high pure Ar.

The cells were galvanostatically cycled in a potential range of 2.0–4.3 V vs. Li/Li+

at different discharge rates and the same charge rate of 0.1 C (1 C = 170 mA/g). The
cells were activated for four cycles at charge and discharge rates of 0.1 C prior to
the cycling at the different discharge rates, as it was found in the pre-study that
there was a slight activation, i.e. the discharge capacity was slightly increased, in the

first 3–4 cycles. Cyclic voltammetry (CV) tests were carried out using Arbin instru-
ments (BT-2000, Arbin) in a voltage range of 2.5–4.3 V at a scan rate of 0.1 mV/s.
Electrochemical impedance spectra (EIS) measurements were performed using a
frequency response analyzer (Solartron 1255B, Solartron) equipped with an elec-
trochemical interface (1287, Solartron) in a frequency range of 100 KHz to 0.01 Hz
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ig. 2. XRD patterns of the LiFePO4 products calcined at 700 ◦C in the atmosphere
f  N2 + 5 vol% H2 for different times.

nd a potentiostatic signal amplitude of 5 mV was  used. The cells used for EIS mea-
urement were prepared in the same method used for the galvanostatical cycling as
escribed above. The cells were also activated for 4 cycles at charge and discharge
ates of 0.1 C between 2.5 and 4.3 V vs. Li/Li+ prior to the EIS measurements, then
olarized to 3.4 V and maintained the potential for 2 h. All of the electrochemical
ests were performed at room temperature.

. Results and discussion

.1. Structure characterization

The morphologies of the LiFePO4 products prepared by different
alculation times are displayed in Fig. 1. As seen from Fig. 1, agglom-
ration exists in all the samples. But the agglomeration is severer for
he products calcined for the shorter times of 1–4 h compared with
hose calcined for longer time. It is observed from Fig. 1 that the
rimary particles for the samples calcined for 1 and 4 h are smaller
han that calcined for 8 h up to 14 h, as the agglomerated particles
ave no sufficient time to grow together in the short calcination
imes. However, the variation of the particle size of the samples is
ot obvious in the calcination time range of 8–14 h as seem from
ig. 1 (c)–(f)), indicating that the particle growth tend to be stable
hen the calcination time reaches 8 h.

The result of the particle size analysis by particle size analyzer
howed that the mean diameter of the particles of the products
ncreased gradually from 310 nm to 510 nm with the calcination
ime increasing from 1 h to 14 h. The measured values are very
lose to the primary size of the LiFePO4 products, which are much
maller than the size of the agglomerates, especially for the sam-
les calcined for short time of 1–4 h. As the samples were ultrasonic

ispersed prior to the particle size measurement, the agglomer-
ted particles, especially for the samples calcined for 1–4 h, should
e partially de-agglomeration during ultrasonic dispersion process,

able 1
he lattice parameters of LiFePO4 and the phase composition of the samples calcined at 7

Calcination time (h) Lattice parameter (Å) FWHM

a b c

1 10.322 6.006 4.694 0.20 

4  10.324 6.007 4.694 0.15 

8  10.322 6.006 4.693 0.14 

10  10.322 6.006 4.693 0.13 

12 10.322  6.006 4.694 0.13 

14  10.322 6.006 4.693 0.13 

itting satisfaction: Rw/Rexp < 2, Rw = 1.5–5.0%.
ounds 509 (2011) 10161– 10166 10163

and the measured particles were the dispersed ones, the size of
which was  close to the primary particles of the samples.

Fig. 2 displays the XRD patterns of samples calcined for differ-
ent times. The Rietveld refinements results of the crystal structure
and the phase composition are listed in Table 1. The largest value
of the FWHM (full wave at half maximum) of the sample calcined
for 1 h indicates its poorest crystallinity among all the samples.
For the samples calcined for 4 h and longer, the values of FWHM
tend to be smaller, indicating a better crystallization. Moreover,
when the calcination time reaches 10 h and longer, the value of
FWHM tends to be stable, indicating that the crystallinity tends
to be stable. The lattice parameters almost do not change with
the variation of the calcination time as seen from Table 1. How-
ever, the effect of the calcination time on the phase composition
of the products is remarkable. XRD analyses (Fig. 2 and Table 1)
show that only LiFePO4 is detected for the sample calcined for 1 h.
However, Fe2P phase begins to arise when the calcination time is
increased to 4 h. This implies that the formation of Fe2P should after
the formation of LiFePO4. The content of Fe2P/FeP increases grad-
ually from 1.1 wt.% to 6.1 wt.% with the calcination time increasing
from 4 to 14 h (Table 1). Moreover, minor FeP and Li3PO4 phases
are also detected in the sample calcined for more than 8 h, and
the content increases further with increasing calcination time. The
formation of the Fe2P/FeP and Li3PO4 is suggested from the reduc-
tion of LiFePO4 [27]. In addition, from the analysis of the carbon
content by the element analyzer (Flash EA 1112, ThermoFinnigan),
the amount of carbon in the LiFePO4 products calcined for different
times is almost ignored, as no carbon source is used in the synthesis
process.

3.2. Electrochemical characteristics

The charge–discharge curves of the samples calcined for dif-
ferent times at different discharge rates are shown in Fig. 3. The
discharge specific capacity of the sample calcined for 1 h is the
lowest for all discharge rates, which may  be attributed mainly to
the poor crystallinity as well as the sever agglomeration. Fig. 3(a)
shows that the sample calcined for 4 h gives a most discharge spe-
cific capacity of 161 mAh/g in all of the samples at the discharge rate
of 0.1 C, which reaches 95% of the theoretical capacity of LiFePO4.
This implies that the calcination time of 4 h has made LiFePO4 well
crystallized. Further seen from Fig. 3(b), the 4 h calcined sample still
possesses the highest discharge capacity at the 1 C rate. In addition,
as seen from Fig. 3(a) and (b), except for the sample calcined for
1 h, the discharge capacities of the samples at 0.1 C and 1 C rates
decrease with the increase of the calcination time monotonously.
But with the increase of the discharge rate, the order of the dis-
charge capacity with the calcination time changes. As seen from
Fig. 3(c)–(e), the samples calcined for 8 and 10 h tend to possess
Thus, it is inferred that suitably increasing the calcination time is
beneficial for the high-rate capability, but over prolongation of the
calcination time (12–14 h) damages the high-rate capability on the

00 ◦C in N2 + 5 vol% H2 for different times obtained from Rietveld XRD refinement.

 (1 3 1) facet (◦) Phase content (wt.%)

LiFePO4 Fe2P FeP Li3PO4

100.0 – – –
98.9 1.1 – –
94.3 2.7 1.2 1.8
91.2 3.7 1.4 3.6
88.6 4.4 2.3 4.6
84.3 6.1 3.5 6.1



10164 Y. Yin et al. / Journal of Alloys and Compounds 509 (2011) 10161– 10166

180160140120100806040200
1.5

2.0

2.5

3.0

3.5

4.0

4.5

Po
te

nt
ia

l (
V

 v
.s.

 L
i+  / 

L
i)

Discharge capacity (mAh/g) 

1h 14h 12h 10h 8h 4h

180160140120100806040200
1.5

2.0

2.5

3.0

3.5

4.0

4.5

Discharge capacity (mAh/g)

14h1h 10h12h 8h

Po
te

nt
ia

l (
V

 v
.s.

 L
i+  / 

L
i)

4h

180160140120100806040200
1.5

2.0

2.5

3.0

3.5

4.0

4.5

Po
te

nt
ia

l (
V

 v
.s.

 L
i /

 L
i+  )

Discharge capacity (mAh/g)

1h 14h 12h 4h 10h 8h

180160140120100806040200
1.5

2.0

2.5

3.0

3.5

4.0

4.5

Po
te

nt
ia

l (
V

 v
.s.

 L
i+  / 

L
i)

Discharge capacity (mAh/g)

1h 14h 4h 12h 8h 10h

80
1.5

2.0

2.5

3.0

3.5

4.0

4.5

Po
te

nt
ia

l (
V

 v
.s.

L
i+

/ L
i)

 speci

1 h 10h8h12h14h4h

 a  b

 dc

e

 samp

c
4
o
c
w
r
e
(

u
t
t
r
o
d
w
i
a
b
f
o
i
l
r

6040200
Discharge

Fig. 3. The charge–discharge curve of the first cycle after the activation of the

ontrary. Moreover, it is worth to note that the sample calcined for
 h, which possesses the highest capacity at the low discharge rates
f 0.1 C and 1 C, displays a larger decreasing tendency on the dis-
harge capacity with the increase of the discharge rate compared
ith others, except for the one calcined for 1 h. At the discharge

ate of 15 C, the sample calcined for 4 h shows almost the low-
st discharge capacity among those samples calcined for 4–14 h
Fig. 3(e)).

Combining the structure and rate capability of the LiFePO4 prod-
cts calcined for different times, it is concluded that the existence of
he high conductive phases of Fe2P as well as FeP are important for
he LiFePO4 material obtaining favorable high-rate capability. Cor-
elating the content of Fe2P/FeP phases and the discharge capacity
f the products at different discharge rates, it is evident that at lower
ischarge rates of 0.1 C and 1 C, the discharge capacity decreases
ith the increasing amount of Fe2P/FeP in the case that the LiFePO4

s in a similar well crystallinity. The main reason is suggested that
t low discharge rate, the discharge capacity is not strongly affected
y the electron conductivity, and the well crystallization and high
raction of LiFePO4 are important for the extraction and insertion

f more amount of lithium ions, which favors getting a high capac-
ty. The higher amount of Fe2P/FeP as well as the impurity of Li3PO4
ead to a low fraction of the active LiFePO4 in the cathode, and hence
esult in a low specific capacity of the LiFePO4 product.
180160140120100
fic capacity (mAh/g)

les calcined for different times: (a) 0.1 C, (b) 1 C, (c) 5 C, (d) 10 C, and (e) 15 C.

However, the effect of the amount of Fe2P/FeP on the discharge
capacity at high discharge rates is different from it is at the low
discharge rates. As seen from Fig. 3(c), when the discharge rate is
increased to 5 C, the sample calcined for 8 h, which has a Fe2P/FeP
content of 3.9 wt.%, tends to possess the highest capacity, instead of
the one calcined for 4 h, which has a lower content of Fe2P. The sam-
ple calcined for 10 h, which has a much higher content of Fe2P/FeP
of 5.1 wt.%, states as the second, even the impurity of Li3PO4 is also
much higher than the one calcined for 4 h. Moreover, at the higher
discharge rates of 10 C and 15 C, the sample with suitably higher
content of Fe2P/FeP, prepared with a calcination temperature of
10 h, displays the largest capacity among all of the samples. Com-
paring the structure of the samples calcined for 4 h and 10 h, it is
found that although the sample calcined for 10 h has slightly larger
particle size for LiFePO4 and higher amount impurity of Li3PO4, two
factors of which are considered negative to the high-rate capability,
the sample still shows better high-rate capability. This is con-
tributed mainly to the suitably high amount of Fe2P/FeP. Therefore,
it is concluded that with the increase of the discharge rate, the role
of Fe2P/FeP in improving the high-rate capability becomes obvious.

However, samples containing Fe2P/FeP more than 6.7 wt.% and cor-
respondingly Li3PO4 higher than 4.6 wt.%, which was obtained at
calcination time of 12 and 14 h, do not show competitive capacity
at discharge rates from 0.1 C to 15 C compared with those contain-
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Fig. 4. CV profiles of the LiFePO4 products calcined for different times.

ng lower content of Fe2P/FeP as well as Li3PO4, which was  obtained
t shorter calcination time, expect for the one calcined for 1 h. This
ndicates that the amount of Fe2P/FeP needs to be carefully con-
rolled, as they are inactive phase for the insertion and extraction
f lithium ions and also cause the formation of impurity of Li3PO4.
ut the amount of Fe2P as low as 1.1 wt.% (the sample calcined for

 h) is not sufficient in improving high-rate capability. Therefore, it
s believed that the LiFePO4 material can provide desired high-rate
apability when suitable amount of Fe2P/FeP is introduced in situ,
ven the material almost without carbon coating and with particle
ize of submicron.

Fig. 4 is the CV profiles of the LiFePO4 cathode with different cal-
ination times. It is seen that the current density first increases and
hen decreases with the increase of the calcination time, reach-
ng a maximum for the sample calcined for 10 h and that of the
ample calcined for 8 h shows a close value as the second. The
harper and larger current density of the peak is, the better the
eaction kinetics of the cathode is. Moreover, the potential dif-
erence between the anodic and cathodic peaks decreases firstly
nd then increases with the calcination time. The minimum value
s obtained for the sample calcined for 10 h and then is the one
alcined for 8 h. A smaller potential difference corresponds to a
igher reversibility of lithiation and de-lithiation, thus a lower
olarization. Hence, either the larger current density or the smaller
otential difference of the samples calcined for 8 and 10 h indicates
hat they provide the most favorable reaction kinetics compared
ith the others. The result from the CV measurement is in good

greement with the discharge capacity at the high discharge rates.
uitable amount of Fe2P/FeP increases the electron conductivity of
he LiFePO4 product, therefore, improves the reaction kinetics of
he lithiation and de-lithiation during cycling. It was ever reported
hat Fe2P formed as inclusion at the surface of LiFePO4 particles
28]. Such a LiFePO4/iron phosphides composite material consists
f conductive surface covered with iron phosphides, which plays a
ole of conductive paths within the whole sample [19]. Such con-

uctive paths contribute the kinetics of Li ion transfer. However,
s reported by Islam et al. [29], the excessive introduction of Fe2P
o the LiFePO4 material would disrupt the one-dimension pathway
or lithium ion transportation within the particle, and consequently

able 2
he charge transfer resistance (Rct) and the diffusion coefficient (D) of Li-ion of the LiFePO

Calcination time (h)

1 4 8 

Rct (�) 273.5 219 42.21 

D  (cm2/s) 7.63 × 10−15 5.82 × 10−14 6.80 × 10−1
Fig. 5. EIS curves of the LiFePO4 samples calcined for different times (�, 1 h; �, 4 h;
�,  8 h; �, 10 h; �, 12 h; and �, 14 h).

hinder the Li+ diffusion. Samples calcined for 12 h and longer which
contain excess content of Fe2P/FeP as well as impurity Li3PO4 show
worsening reaction kinetics compared the sample calcined for 10
or 8 h.

The electrochemical impedance curves of the LiFePO4 cathode
with different calcination times are illustrated in Fig. 5. The inset
is the amplification of the high frequency region. The intercept
of the curve at high frequency to the real axis relates to the bulk
resistance of electrolyte (Re). The two depressed semicircles in
the medium-high and medium-low frequency regions relate to
the resistance from the solid-electrolyte interface film formed on
the surface of the cathode due to the reaction with the electrolyte
(Rfilm) and the charge transfer resistance (Rct) at the particle
surfaces, respectively [30]. The straight line in the low frequency
region, namely the Warburg resistance Zw, is attributed to the dif-
fusion resistance of lithium ions within the LiFePO4 particles. The
impedance spectra can be described by the following equivalent
circuit [31]:

where
CPE (the constant phase elements) denotes the double layer
capacitance. By using the Zplot® software, the charge-transfer
resistances of the products are obtained and listed in Table 2.
Besides, the diffusion coefficients of lithium ions within the
particle of the LiFePO4 products are calculated by the following
equations [32,33] and are also listed in the Table 2.

Zre = Re + Rfilm + Rct + �ω−0.5

D = R2T2

2A2n4F4c2�2
Herein, � is the Warburg coefficient, ω is the angular frequency
in the low frequency region, R is the gas constant, T is the absolute
temperature, A is the surface area of the cathode, n is the number of

4 products calcined for different times.

10 12 14

39.9 180.4 234.7
4 8.15 × 10−14 1.14 × 10−14 6.21 × 10−15
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lectrons per molecule during oxidization, F is the Faraday constant,
nd c is the concentration of lithium ions.

Table 2 shows that with the calcination time increasing from 1 h
o 10 h, the charge transfer resistance decreases and the diffusion
oefficient of lithium ions increases, despite that there is a slight
ncrease of the LiFePO4 particles, which commonly increases the
harge transfer resistance and decreases the diffusion coefficient.
he improvement of the rates charge transfer and the diffusion
f lithium ions with the calcination temperature from 1 h to 10 h
s inferred due to the suitably increasing of the Fe2P/FeP content

hich increases the electron conductivity of the LiFePO4 material
nd the improvement of the crystallinity of the LiFePO4 phase. The
ow charge transfer resistance and the high diffusion coefficient of
ithium ions for the sample calcined for 10 h as well as 8 h indicate
hat the high reaction kinetics of the samples is consistent highly
ith their high-rate capability. However, the further increase of

alcination time deteriorates either the charge transfer or the dif-
usion of lithium ions, which is due partially to the formation of
igher content of impurity of Li3PO4. Besides, the excess amount
f Fe2P/FeP should also act as barriers for the lithium ion diffusion,
hich in turn increases the resistance associated with the charge

ransfer process.

. Conclusions

Carbon-free LiFePO4 materials with a few amounts of Fe2P/FeP
hases were synthesized by a mechanical activation method. The
ormation of Fe2P/FeP is calcination time dependent. By calcined at
00 ◦C for 1–14 h at the atmosphere of N2 + 5 vol% H2, the amount of
e2P/FeP phases varies from 1 to 10 wt.%. Impurity of Li3PO4 forms
ith the formation of Fe2P/FeP. The existence of Fe2P/FeP is found

ess important for the discharge capacity at low discharge rates of
.1 C and 1 C. The LiFePO4 material containing trace Fe2P shows
igher discharge capacity at low discharge rate than those contain-

ng higher Fe2P/FeP phases. But suitably higher content of Fe2P/FeP
lays important role in improving the high-rate capability of the
iFePO4 material. 4–5 wt.% Fe2P/FeP is favorable for LiFePO4 mate-
ials getting high capacity at discharge rate higher than 5 C, in which
ase discharge capacities of 116, 101 and 87 mAh/g are obtained at
ates of 5 C, 10 C and 15 C, respectively. Suitable amount of Fe2P/FeP
ecreases charge transfer resistance and increases the diffusion
oefficient of lithium ions, hence favoring the high-rate capability.
ut excess amount of Fe2P/FeP and the accordingly high amount of
i3PO4 lower the fraction of LiFePO4 in the cathode and also dete-
iorate the reaction, resulting in a low rate capacity of the cathode.
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