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Abstract. Two different kinds of FePO4 : amorphous FePO4 and crystalline FePO4 , were synthesized as a precursor to
synthesize LiFePO4 /C. The crystalline FePO4 was obtained by treating amorphous FePO4 with phosphoric acid refluxing.
Inductively coupled plasma-atomic emission spectrometry was used to evaluate the impurity content. The obtained materials
were characterized by chemical analysis, scanning electron microscopy and X-ray diffraction. The results showed that the
performance of LiFePO4 /C synthesized by crystalline FePO4 is significantly better than when LiFePO4 /C is synthesized
from amorphous FePO4 . The capacity retention and capacity fade of LiFePO4 /C synthesized from crystalline FePO4 was
70.9% at − 20◦ C and 0.012% per cycle after 150 cycles at 1C, respectively. The better performance from using crystalline
precursor resulted from a more uniform powder with fewer crystalline defects and impurities.
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1. Introduction
Padhi [1] found that olivine structure LiFePO4 can be used as
cathode material in lithium ion batteries in 1997. Compared
with other cathode materials, LiFePO4 has the advantage of
high specific energy (170 mAh g−1 ), environment friendliness, excellent cycle life, very good safety performance, low
cost and stable charge/discharge platform [2–4]. Therefore,
LiFePO4 is very suitable for battery applications that require
safety, cycle life and low cost, such as hybrid electric vehicle (HEV) and electricity vehicle (EV). As the vital precursor
for synthesizing LiFePO4 , iron phosphate compounds were
mainly researched in the fields of agriculture, ceramic glass,
steel and surface passivation in the previous decades. As
energy storage has become increasingly attractive in recent
years [5,6], LiFePO4 material has been studied more; accordingly, the precursor material iron phosphate has also become
a research hot topic.
Besides being a precursor for synthesizing LiFePO4 ,
FePO4 can also be cathode material. Heterosite-structured
FePO4 is hard to be synthesized from Fe- and P-containing
compounds in ordinary conditions. Prosini et al [7] used
Fe(NH4 )2 (SO4 )2 · 6H2 O and NH4 H2 PO4 as raw materials,
and H2 O2 as an oxidant to synthesize amorphous FePO4 ,
and the best electrochemical performance was obtained when
using FePO4 calcined at 400◦ C, achieving discharge capacity of 100 mAh g−1 at 0.1C and capacity fade of 0.07%
per round for 200 cycles. Song et al [8] used FeCl3 and
NaPO4 to synthesize amorphous and crystalline FePO4 by
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precipitation method and hydrothermal method, respectively.
The synthesized materials were then heated at various temperatures, and the results showed that the electrochemical
performances of amorphous FePO4 were much better than
those of crystalline FePO4 . Discharge capacity of amorphous
FePO4 heated at 350◦ C and 0.2 mA cm−2 was 140 mAh g−1 .
According to the previous studies, the electrochemical performance ranking of common FePO4 is amorphous >
orthorhombic > monoclinic > trigonal. Compared with
olivine structure LiFePO4 , the voltage platform of FePO4
is generally 2.6–2.8 V, far lower than 3.4 V for LiFePO4 ,
and cycling and rate performances are also much poorer.
Therefore, FePO4 as cathode material has not been used commercially for Li-ion battery industry.
However, FePO4 has been widely used as the precursor to
synthesize LiFePO4 . It is one of the most important materials in the production of LiFePO4 in the industrial scale.
Prosini et al [9] used Fe(NH4 )2 (SO4 )2 ·6H2 O and NH4 H2 PO4
as raw materials, and H2 O2 as an oxidant to firstly synthesize amorphous FePO4 ; later LiI was used as a reducing
agent to obtain amorphous LiFePO4 by chemical lithiation.
LiFePO4 was finally synthesized by thermal treatment and
showed an excellent electrochemical performance with discharge capacity of 140 mAh g−1 at 3C. Wang et al [10] used
amorphous FePO4 · 4H2 O as raw material to synthesize intermediate product NH4 FePO4 by liquid reaction, which was
then reacted with LiCOOCH3 to synthesize LiFePO4 by solid
reaction. Discharge capacity of obtained LiFePO4 was as
high as 120 mAh g−1 at 10C without significant degradation
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after 50 cycles. However, most researchers focused only on
synthesizing LiFePO4 from FePO4 , and little attention was
paid on the influence of different types of FePO4 on the performance of resultant LiFePO4 . The variants of FePO4 can
actually dramatically affect the produced LiFePO4 in terms
of stoichiometry, morphology, size distribution and so forth.
For example, in the first place, it is easy to control the ratio of
the precursor in this method; the ratio of Fe to P in FePO4 has
been basically controlled to 1:1. With chemical stoichiometry battery grade LiCO3 , pure LiFePO4 can be synthesized
precisely. Secondly, the results of experiment showed that the
morphology, size and distribution of final product LiFePO4
tend to be inherited from the precursor. Hence, in summary,
the features of the FePO4 precursor actually have a decisive
role in determining the properties of the final LiFePO4 material [11].
In this work, we synthesized two types of FePO4 precursors: (1) amorphous FePO4 by liquid reaction and (2)
crystalline FePO4 from amorphous FePO4 by phosphoric acid
reflux at 100◦ C. Two LiFePO4 /C samples were synthesized
from the two types of FePO4 precursors. The influence of
FePO4 on the performance of LiFePO4 was analysed.

2. Experimental
2.1 Synthesis of FePO4 and LiFePO4 /C
Synthesis of amorphous FePO4 : Fe(NH4 )2 (SO4 )2 · 6H2 O and
NH4 H2 PO4 were dissolved in deionized water to make the
standard solution with the same concentration of 0.2 mol l−1 .
The solution was transferred into a flask, and then H2 O2 (30%
weight) was added dropwise using a peristaltic pump under
vigorous stirring. A large amount of white precipitate was
generated when H2 O2 was dropped into the flask. After this,
the obtained precipitate was washed several times with deionized water and dried in a vacuum oven at 100◦ C for 10 h.
Crystalline FePO4 was synthesized by the refluxing process
on amorphous FePO4 . Amorphous FePO4 was filtrated and
put into hot phosphoric acid (100◦ C) to react for 2 h. After
the reaction, the precipitate was washed several times with
deionized water in a suction funnel and dried in a vacuum
oven at 100◦ C for 10 h.
Synthesis of LiFePO4 /C: LiFePO4 and LiFePO4 /C samples were synthesized using the amorphous and crystalline
FePO4 , respectively. In order to reach the stoichiometric Li/Fe
ratio, the iron content in FePO4 was firstly determined by
dichromate method. Based on the measured iron content and
evaporation loss of lithium in the sintering process, FePO4 was
mixed with LiCO3 following the ratio n(Li)/n(Fe) = 1.03.
Glucose (10 wt%) was added as the carbon source. This material was pre-mixed with deionized water and stirred for 0.5 h
to get a precursor slurry. The slurry was fed into an ultrafine grinding mill (type) for 2 h and then dried using a spray
drier to get precursor powder. Later, the precursor powder was
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taken in a graphite crucible and calcined at 650◦ C in a furnace for 10 h in Ar atmosphere. After cooling down to room
temperature, the LiFePO4 /C samples were obtained. For convenience, LiFePO4 synthesized with amorphous FePO4 was
denoted as LiFePO4 (a), while LiFePO4 /C synthesized with
crystalline FePO4 was denoted as LiFePO4 (c).
2.2 Characterization of FePO4 and LiFePO4 /C
The crystal structure of the samples was analysed by X-ray
diffraction (XRD) over the 2θ range from 10 to 90◦ , conducted in an X’PertPRO MPD using Cu Kα radiation. The
morphology of the sample was analysed by HITACHI S4800
scanning electron microscopy (SEM), at the acceleration voltage of 5.0 kV. The content of main elements, Fe and P, was
measured by chemical analysis method, while the contents
of trace elements were measured using an Agilent Technologies 700 Series inductively coupled plasma-atomic emission
spectrometer.
For electrochemical performance evaluation, LiFePO4 /C,
Super-P conductive carbon black and PVDF were used as
the active material, conductive agent and binder, respectively,
at mixing ratio of 8:1:1 to produce the cathode electrode.
Lithium metal was used as an anode plate of diameter 10 mm,
Celgard2300 poly-propylene microporous membrane as a
separator and 1 mol l−1 LiPF6 as electrolyte. Using these
materials, CR2032 coin cells were assembled to test electrochemical performance on a LAND CT2001A. Five parallel
samples of coin cell were made from the same LiFePO4 /C
material, with the same materials and manufacturing process.

3. Results
3.1 Characterization of FePO4
Figure 1 shows the SEM images of synthesized FePO4 . The
amorphous FePO4 particles exhibit irregular polygon shapes,
with primary particle size around 100 nm in figure 1a. On the
other hand, the synthesized crystalline FePO4 showed elongated sticks of tens of nanometres, and these stick-shaped
primary crystallites aggregated parallel to the major axis to
form larger secondary particles of hundreds of nanometres
size.
Figure 2 shows the XRD patterns of synthesized FePO4 . It
is clear that crystalline FePO4 belonged to P21/n space group
and monoclinic system with sharp peaks (PDF No. 33-0666)
without significant impurity peaks. In contrast, amorphous
FePO4 exhibits no crystal structure. The differences of SEM
images and XRD patterns between two types of obtained
FePO4 suggest that the crystal phase transition of FePO4 took
place in the refluxing process.
The contents of impurity elements of the two kinds of
FePO4 , such as aluminium, calcium, sodium, zirconium and
sulphur, were tested by inductively coupled plasma-atomic
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Figure 1. SEM images of synthesized FePO4 . (a) Amorphous FePO4 and (b) crystalline FePO4 .

Figure 3. The stable range of jarosite in the potential–pH [13].
Equilibrium concentration in solution/(mol l−1 ): 1—0.1, 2—0.01,
3—10−3 and 4—10−4 .

Figure 2. XRD patterns of synthesized FePO4 .

Table 1.

Contents of the impurity elements of FePO4 (ppm).

Samples
Amorphous FePO4
Crystalline FePO4

Al

Ca

Na

Zr

S

35.7
8.6

156.0
46.6

104.0
79.2

58.4
47.7

1045.7
92.0

emission spectrometry (ICP-AES), with results listed in
table 1. The content of calcium and sodium in amorphous
FePO4 was more than 100 ppm, while the content of sulphur
was up to 1045.7 ppm. Even after washing with water and
alcohol several times, the content of sulphur was still high.
The reason can be attributed to the situation of removal of iron
by jarosite in hydrometallurgical industry [12]. As shown in
figure 3, the inner area surrounded by the curve suggests the
condition under which jarosite will be stable. Taking pH of
2 and the concentration of 0.1 mol l−1 as an example, the
insoluble jarosite (KFe(SO)2 (OH)4 ) was generated when the
electrode potential was above 0.2 V.

This electrode potential value was calculated through the
Nernst equation in equation (1):
 
 

φ = ϕ  + (0.0592/1) log c Fe3+ /c Fe2+
 

 
= 0.770 + (0.0592/1) log c Fe3+ /c Fe2+

(1)

Considering that Fe(NH4 )2 (SO4 )2 · 6H2 O and NH4 H2 PO4
were added to the flask with the addition of H2 O2 , Fe2+ was
oxidized to Fe3+ , which increased the ratio c(Fe3+ )/c(Fe2+ );
consequently the electrode potential increased. When the
electrode potential was higher than 0.2 V, jarosite that is
insoluble in both water and alcohol was generated. Since this
material contains impurity sulphur that cannot be removed by
regular washing, this will eventually lead to higher sulphur
content in the synthesized FePO4 . Therefore, lower electrochemical potential is desired for controlling jarosite and
sulphur content of the synthesized product.
From the Nernst equation, the generation of jarosite is controllable by electrode potential. Thus, c(Fe3+ ) in solution
should not be too high, which can be realized by parallel
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flowing: NH4 H2 PO4 solution was firstly added to the flask;
Fe(NH4 )2 (SO4 )2 · 6H2 O and H2 O2 were added simultaneously using a peristaltic pump to control the flowing speed
and solution quantity. Fe2+ was oxidized to Fe3+ immediately
in the flask to generate FePO4 precipitate. Such a process can
ensure a low concentration of Fe3+ in the solution, leading
to lower electrode potential and inhibiting the generation of
jarosite phase. FePO4 synthesized in this way contains lower
content of sulphur, less than 100 ppm, but the primary particle
size is very large; the largest ones were over 500 nm as shown
in figure 4, while small ones were under 100 nm. Obviously,
the inhomogeneity issue suggests that this material is not suitable for the synthesis of LiFePO4 , since the wide particle size
distribution causes non-uniformity of the produced LiFePO4 ,
which is not beneficial for a good performance.
Table 1 also shows that the contents of impurity elements
in crystalline FePO4 are much lower than those in amorphous
FePO4 . The contents of sodium and calcium were reduced
to less than 100 ppm; especially, the content of sulphur was
reduced to 92 ppm. Table 1 indicates that during the refluxing
process, some metallic impurity and jarosite are dissolved

Figure 4. SEM image of FePO4 synthesized by parallel flowing.
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in hot phosphoric acid; most of the sulphur impurities are
washed by filtration process.
3.2 Characterization of LiFePO4 /C
Figure 5 shows the SEM images of LiFePO4 (a). The secondary particles of LiFePO4 (a) were spheres of size 2–5 µm,
which was caused by spray granulation. Strong sintering phenomenon was well noticed, since the primary particles were
fused together without obvious merging boundaries.
Figure 6 shows the SEM images of LiFePO4 (c). The
secondary particles of LiFePO4 (c) also exhibited 2–5 µm
spherical morphology. The primary particles with particle size
ranging from 100 to 400 nm were tightly attached together
by carbon coating. Compared with the primary particle of
FePO4 (about tens of nanometres), the primary particle size
of LiFePO4 /C increased significantly, which may arise from
the conversion of FePO4 -aggregated secondary particles to
LiFePO4 /C primary particles as well as from the crystal
growth of LiFePO4 /C at high temperature.
Figure 7 shows the XRD patterns of LiFePO4 /C; the
diffraction peaks of LiFePO4 /C synthesized by both amorphous FePO4 and crystalline FePO4 are in accordance with
the LiFePO4 olivine structure indexed by orthorhombic Pnma
(PDF No. 40-1499), and no impurity peaks are detected. The
peaks of LiFePO4 (c) were sharper than those of LiFePO4
(a). No diffraction peaks belonging to carbon were detected
in both of the LiFePO4 /C samples, which may be due to the
low content and the amorphous state of carbon.
Table 2 shows FWHMs of LiFePO4 /C calculated by Jade. It
can be seen that FWHMs of three strongest peaks of LiFePO4
(c) are smaller than those of LiFePO4 (a). Based on the peak
shape and FWHM information, we can reach the conclusion
that the crystallinity of LiFePO4 (c) is higher than that of
LiFePO4 (a). Since LiFePO4 /C was synthesized from FePO4
by lithiation in solid reaction, the crystallinity of LiFePO4 /C
should also partially depend on the crystallinity of FePO4 .
Hence, the lower-disorder crystalline FePO4 results in higher
crystallinity of LiFePO4 /C, while the morphology and crystal

Figure 5. SEM images of LiFePO4 (a): (a) ×5000 and (b) ×50000.
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Figure 6. SEM images of LiFePO4 (c): (a) ×5000 and (b) ×50000.

elements in the precursor, lower the contents of the impurity
elements of the product.

3.3 Improvement of electrochemical performance of
LiFePO4 /C

Figure 7. XRD patterns of LiFePO4 /C: (a) LiFePO4 (a) and
(b) LiFePO4 (c).
Table 2.

FWHMs of LiFePO4 /C.

Samples
LiFePO4 (a)
LiFePO4 (c)

Table 3.

25.563◦

29.722◦

35.626◦

0.172
0.138

0.225
0.145

0.191
0.140

Contents of the impurity elements of LiFePO4 /C (ppm).

Samples
LiFePO4 (a)
LiFePO4 (c)

Ca

Na

S

175.6
55.2

154.6
97.4

1244.5
126.6

structure of FePO4 precursor can also affect the electrochemical properties of synthesized LiFePO4 /C [14].
Table 3 shows the contents of the impurity elements of
LiFePO4 /C. The contents of impurity elements in LiFePO4
(c) were much lower than those in LiFePO4 (a), especially the
content of sulphur. The contents of the impurity elements of
product are closely related to the precursor; lesser the impurity

Figure 8 shows the electrochemical performance of
LiFePO4 /C. The coulombic efficiency of the samples was
93.7 and 95.5% for the LiFePO4 /C synthesized by amorphous
and crystalline FePO4 , respectively. For the two materials’
capacities at different C-rates, the 0.2C discharge capacity
was 155.8 and 159.6 mAh g−1 , the 1C discharge capacity
was 138.4 and 149.9 mAh g−1 and the 5C discharge capacity
was 110.4 and 131.7 mAh g−1 . The results indicate that the
discharge capacity of LiFePO4 /C is significantly improved
using crystalline FePO4 precursor. The excellent high rate
performance of LiFePO4 /C was attributed to the high crystallinity, low impurity and improved conductivity by carbon
coating. The small particle size supplies a large surface area
and shortened pathways for lithium ion, leading to the fast
reaction kinetics. The crystallinity of LiFePO4 (c) is higher
than that of LiFePO4 (a), which implies less defects in the
crystal and more conducive channels for Li ion transfer. Consequently, LiFePO4 (c) has higher coulombic efficiency and
better electrochemical performance.
Figure 9 shows the low-temperature charge–discharge performance of LiFePO4 /C at 0.2C. At −20◦ C, the discharge
capacity of LiFePO4 (a) was 60.6 mAh g−1 . The capacity
retention was only 38.9% of the capacity obtained at room
temperature (155.8 mAh g−1 ), while the discharge capacity
of LiFePO4 (c) at −20◦ C was 113.2 mAh g−1 with about
70.9% retention (R.T.: 159.6 mAh g−1 ). The high discharge
capacity of LiFePO4 (c) at low temperature further corroborates the improved conductivity and fast diffusion of lithium
ion resulting from crystalline FePO4 .
Figure 10 shows the cycle performance of LiFePO4 /C after
150 charge–discharge cycles at 1C rate. Discharge capacity
of LiFePO4 (a) has degraded from initial 138.5 mAh g−1 to
only 73.7 mAh g−1 after 150 cycles, with the capacity fade
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Figure 8. Electrochemical performance of LiFePO4 /C: (a) LiFePO4 (a) and (b) LiFePO4 (c).

Figure 9. Low-temperature electrochemical performance of LiFePO4 /C at 0.2C: (a) LiFePO4 (a) and
(b) LiFePO4 (c).

Figure 10. Cycle performance of LiFePO4 /C: (a) LiFePO4 (a) and (b) LiFePO4 (c).

of 0.312% per cycle, while discharge capacity of LiFePO4
(c) remained at 147.0 mAh g−1 , with the capacity fade as
low as 0.012% per cycle (initial: 149.6 mAh g−1 ). High
capacity fade of LiFePO4 (a) may be attributed to the low
crystallinity and high contents of impurity elements. The
lower the crystallinity, the greater the diffusion resistance of

lithium ion in channels, and the effect is more significant along
with the cycle process. The very low capacity fade indicates
that LiFePO4 (c) has excellent stability and electrochemical reversibility. With high contents of impurity elements in
LiFePO4 (a), it is prone to cause primary particles aggregation, leading to the increase of internal resistance in the
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charge–discharge process. On the other hand, high contents
of impurity elements would cause side reaction during the
cycling process. In the charging process, the impurity ions,
such as Na+ , are inserted into the anode first, reducing the
position of lithium ion, making cycle performance deteriorate obviously.
4. Conclusion
Fe(NH4 )2 (SO4 )2 · 6H2 O and NH4 H2 PO4 were used as raw
materials to synthesize amorphous FePO4 . Crystalline FePO4
was obtained by refluxing amorphous FePO4 in hot phosphoric acid. Compared with amorphous FePO4 , the particles of
crystalline FePO4 were thinner and more uniform, the crystallinity was higher and the contents of impurity elements
were lower. LiFePO4 /C synthesized by crystalline FePO4 was
coated well by carbon, with uniformly distributed primary
particles, high crystallinity and low contents of impurity elements, and showed excellent electrochemical performance.
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