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Abstract LiFePO4 was prepared from low-cost iron ore con-
centrate (containing 4.48 wt.% SiO2 and MgO, CaO and
Al2O3 below 0.5 wt.% as contaminant) using a melt synthesis.
X-ray diffraction (XRD) refinement associated with
Mössbauer spectroscopy and scanning electron microscopy-
energy dispersive spectroscopy (SEM-EDX) analyses are
used to track the location of Si in the material. It is shown that
the iron content in the melt can be used as a means to control
the doping rate of elements from iron ore concentrate (IOC)
precursor according to the formula (Li1 − zAz)(Fe1 − yMy)
(P1 − xSix)O4. Electrochemical behavior of the material is af-
fected by the doping of LiFePO4. While capacity is decreased
in doped material, the cycling stability is much improved.
When dopants are out of LiFePO4 structure, capacity retention
dramatically drops as well as capacity due to the gravimetric
impact of impurity phases. A trade-off between high capacity
and best cycling performance is necessary. For instance, slight
lack of iron in the melt (6 % deficiency) leads to a capacity
only 2 % lower than that of pure Fe2O3-based material for the
same stoichiometry and fairly good capacity retention.
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Introduction

Challenges with global warming and pollution associatedwith
depletion of fossil fuel resources are a great incentive to de-
velop and use electric vehicles (EVs) and plug-in hybrid elec-
tric vehicles (PHEVs), working with batteries [1]. Lithium ion
batteries are recognized as a proper choice because of its fea-
tures such as high energy density, a long cyclic life, and sta-
bility in addition to mature technology [2]. However, it has
some issue including cost and safety which are linked to the
materials used inside batteries, especially for the cathode part
[3–5]. Therefore, scientific groups have been trying to find
new type of materials which can obtain better performance
with lower cost and better safety to replace LiCoO2 cathode
material found in the first lithium ion batteries [6–8]. Since
1997, LiFePO4 was established as a promising candidate for
the next generation of cathode materials in lithium ion batte-
ries because of its superior capacity retention, low cost, abun-
dance in nature of its constituting elements, being environ-
mentally friendly, excellent thermal stability, and high
cyclability [9, 10]. Despite these advantages, pristine
LiFePO4 suffers from low electrical conductivity and poor
ion diffusion which limits its usage in large devices [11, 12].
Different strategies can be employed such as the particle size
reduction, carbon coating of particles and metal doping to
overcome these drawbacks [13–17].

Many synthesis methods have been used for preparing
LiFePO4 including solid state, sol-gel, hydrothermal, co-pre-
cipitation, and microwave [18–22]. The main issue of these
methods is that pure and fairly expensive precursors such as
FePO4 or FeC2O4 are required to achieve pure and high-
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quality material [23, 24]. Generally speaking, low-cost
LiFePO4 with high quality is necessary for the next generation
of lithium-ion batteries. Some recent studies focus on using
Fe-P waste slag for the production of low-cost LiFePO4 via
several grinding and milling steps [25]. Gauthier et al. report-
ed on the melt synthesis which is believed to be a quick and
low-cost process for preparing LiFePO4 material [26, 27].
Melt synthesis combines ideal-liquid phase reactionwith short
dwell times and fast reaction kinetics in a reducing atmosphere
[27–29]. Our group recently made an effort to reduce the high
manufacturing cost of LiFePO4 by melt synthesis, using less
pure non-expensive raw materials, namely iron ore concen-
trate as iron source [30]. However, iron ore concentrate con-
tains some element impurities mainly SiO2 (4.48 %), accord-
ing to its chemical composition reported in a previous paper
[30]. Results indicated that Si enables other cations to insert in
the material structure according to BLi(Fe1 − yMy)(P1 − xSix)
O4.^ Surprisingly, cycling performance was improved. The
results are in agreement with other reports in the literature
[31]. However, our previous work showed that insertion of
doping elements in the olivine structure for a stoichiometric
reactant mixture with iron ore concentrate as source of Fe led
to a 7 % capacity decrease in comparison with LiFePO4 syn-
thesized using pure raw material [30].

The best composition was not optimized for synthesis of
LiFePO4 using iron ore concentrate in the previous work, and
consequently, some impurities have formed such as Li3PO4

and Li4P2O7 during synthesis [30]. These impurities act as
inert and inactive mass, which reduce consequently the elec-
trochemical performance of LiFePO4 material [32]. This con-
firmed that material purification is needed to achieve the
highest electrochemical performances. The material could
thus benefit from a better control of the melt composition.
Therefore, in this work, LiFePO4 has been prepared by melt
synthesis using non-expensive iron ore concentrate with var-
ious stoichiometric ratios. The effect of different melt compo-
sitions on the phase purity, morphology, and electrochemical
properties of LiFePO4 material are investigated. This work is
part of an Automotive Partnership of Canada supported pro-
gram to develop and pilot the molten-synthesis process to
make high purity C-LiFePO4 with excellent electrochemical
properties for using as a cathode material in Li-ion batteries
for EVs and PHEVs application.

Experimental

Synthesis of LiFePO4

LiFePO4 was synthesized by the melt process described in our
previous work [30]. The chemical compositions of the iron ore
precursor including its impurities were also reported with de-
tails in our previous paper [30]. Precise amount of LiPO3

made from dehydration of LiH2PO4 (from TQC), iron ore
concentrate (IOC; from Rio Tinto) and Fe0 (Atomet 1001HP
from Rio Tinto-QMP) were mixed together according to dif-
ferent compositions as shown in Table 1 and then placed in a
graphite crucible. Using LiPO3 as reference precursor, IOC
and Fe0 were added so that overall Fe stoichiometric ratios
are comprised within a range 0.85 to 1.13. IOC is added based
on its Fe content, whereas Fe0 amount is used as a Fe3+-re-

ducing agent, according to Fe3þ2 O3 þ Fe0→3Fe2þO. The use
of LiPO3 precursor allows the simultaneous addition of Li and
P contents. However, for Li-rich and P-rich materials, Li2CO3

(from FMC Lithium Co.) and NH4H2PO4 (from Newhonte
(Wuhan) Industry & Trade Co., LTD) were used as extra Li
and P sources, respectively. It is important to note that the
amount of SiO2 coming from iron ore concentrate is the same
for all the LiFePO4 synthesized samples. The impact of the
presence of SiO2 has already been demonstrated when using
IOC or in the case of co-doping [30, 31]. In the present case,
its amount was controlled in order to focus only on the vari-
ation of Fe content. Some carbon black, ca. 200 ± 50 mg, was
used to avoid oxidation of iron during synthesis. The crucibles
were heated at 1100 °C for 3 h and then quenched to room
temperature under nitrogen atmosphere to obtain LiFePO4

ingots. For the sake of comparison, some samples were pre-
pared using pure Fe2O3 (Sigma-Aldrich) in the same
compositions.

Material characterizations

For material characterization, the ingots were cut in half. One
part was ground with a mortar and a pestle to obtain
micrometer-sized LiFePO4 powder. A part of ingots was kept
as is and mounted in a conductive resin and then polished with
different papers and pastes. The microstructure and elemental
mapping of mounted samples was examined by a scanning
electron microscope SEM-Hitachi S-4800 equipped with en-
ergy dispersive spectroscopies (EDXs). The materials end
composition matched with expected composition as it was
analyzed by ICP-MS. This indicates no Li evaporation occurs
during synthesis in the current melt protocol. The crystal
structure of the ground powders was analyzed by X-ray dif-
fraction (XRD) using a Bruker D8 Advance X-ray diffractom-
eter equipped with Cu Kα radiation source. XRD measure-
ments were collected in steps of 0.02° in 2θ range of 10–80°.
The unit cell parameters of the prepared powders were deter-
mined using the Le Bail method (pattern matching) with the
program FullProf Suite. Mössbauer spectra were recorded in
transmission geometry using a constant acceleration Halder-
type spectrometer with a room temperature 57Co source (Rh
matrix). The velocity scale was calibrated using a pure metal
iron foil. The polycrystalline absorbers containing about
10 mg/cm2 of iron were placed into a sample holder in order
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to collect 57Fe Mössbauer spectra at 293 K. Refinement of the
Mössbauer hyperfine parameters (δ isomer shift, Δ quadru-
pole splitting, ε quadrupole shift, H hyperfine field, Γ signal
linewidth and relative areas) was performed using homemade
programs and the WinNormos® software [33]. A continuous-
flow agitator wet mill (NetszchMicrocer) was used for further
grinding of powders down to nanometer-size. The solvent was
isopropyl alcohol (IPA) to avoid any undesired dissolution of
the active material in the solvent. The slurry in the ratio 5:95
([solid content]:[solvent] by weight) passed through the mill
containing 200 mL 0.5 mm yttria-stabilized zirconia beads.
Milling was carried out for 3 h. Lactose (11 % relative to the
LiFePO4 weight) was added to slurry during milling as a car-
bon source. Afterwards, the mixture was collected from the
mill and the solvent allowed to evaporate on hot plate. The
powder was then annealed at 700 °C for 2 h in a nitrogen
atmosphere to complete the carbonization of β-lactose to
achieve LiFePO4/C. The specific surface area of the powders
was determined by the Brunauer, Emmett, Teller (BET) meth-
od (Micromeritics Gemini 2380). Carbon content of powders
was measured using a LECO C/S analyzer (LECO-SC632).

Electrochemical characterization

The electrodes for electrochemical evaluations were fabricat-
ed by combining 83 wt.% of the LiFePO4/C powder, 9 wt.%
of carbon black Timcal C65, and 8 wt.% of polyvinylidene
difluoride (PVDF) in N-methyl pyrrolidone (NMP) solvent to
form a slurry. The slurry was mixed for few hours to homo-
geneity and spread on a carbon-coated aluminum foil using
the doctor blade method. After drying at 70 °C in a vacuum
oven overnight, electrode disks of 2.5 ± 0.5 mg/cm2 loading
were cut and pressed. Standard coin cells (2032) were assem-
bled in an Ar-filled glove box. A lithium foil was used as the
anode and a Celgard2400 as separator. The electrolyte was

1 M LiPF6 in ethylene carbonate and diethyl carbonate (1:2
volume ratio) solvents. The electrochemical performances
were determined on the cells between 2.2 and 4.0 V vs.
Li+/Li at different current rates using a VMP electrochemical
station (Biologic, France). All the electrochemical measure-
ments were performed at room temperature. For each sample,
three cells were assembled to insure reproducibility. Capacity
variations lower than 1 mAh/g were found for every 3-cell set.
For each sample, the capacity is expressed in function of the
uncoated material as obtained.

Results and discussion

The XRD patterns of IOC-based materials synthesized
with different compositions are presented in Fig. 1a, b.
For all samples, the main diffraction peaks can be indexed
by an orthorhombic olivine-type structure with the Pnma
space group (JCPDS 40-1499) corresponding to LiFePO4.
In the case of melts with iron excess (i.e., 13 and 4 %
excess), iron or iron phosphide inclusions were found at
the bottom of the ingots as shown in Fig. 2. Moreover,
traces of FexP phase were identified on the side of the
graphite crucibles. All iron bits were collected using mag-
net. Obviously for lower iron content, no Fe0 was detected
from the materials. Different types of impurity phases were
detected according to the melt composition. In the case of
Fe excess in the melt, Li3PO4 impurity phase is clearly
visible. The existence of Li3PO4 phase can be surprising
since these melts are Li and P deficient. However, the for-
mation of FexP phase remaining on the wall of the crucible
and Bunreacted^ Fe bits can explain why Li3PO4 can grow
in the melt. The presence of Li3PO4 phase is even more
obvious in the case of Li excess in Fig. 1b. The phase tends
to vanish when Fe concentration decreases in the melt as

Fig. 1 a, b XRD patterns of the IOC-based materials synthesized with different compositions
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seen from Fig. 1a. Above a stoichiometric melt, by increas-
ing LiPO3 content in the starting melt (i.e., 6 and 15 %
deficiency in Fe), Li4P2O7 impurity phase starts to grow.
Li3PO4-LiPO3 phase diagram indeed shows that Li4P2O7 is
a congruent phase of 50 % Li3PO4/50 % LiPO3 [34]. No
other impurities, related to Fe, such as FexP, Fe2P2O7, nor
NASICON (Li3Fe2(PO4)3) phases were detected on the
patterns in Fig. 1a. The use of a graphite crucible and a
carbon black layer on top of the melt during synthesis
generates a reducing atmosphere to prevent formation of
NASICON as reported in [30]. This is further confirmed by
Mössbauer measurement shown in Fig. 4 where no impu-
rity related to Fe is detected. This is described in more
detail below. However, for all the samples in Fig. 1a, the
ratio between Li/P was kept 1:1; complementary informa-
tion can be deduced when changing this ratio as shown in
Fig. 1b. A small amount of Fe2P2O7 is detected in a sample
with a P excess (Fig. 1b). Growth of Fe2P2O7 impurity is
indeed expected in Li-deficient materials [29]. However,

no Fe3(PO4)2 phase is identified as opposed to earlier work
on samples with Li-deficient samples [35]. In contrast,
more Li3PO4 was found in samples with Li/P > 1.

As reported in [30], the solidified materials contain impu-
rity elements, mainly Si, coming from the iron ore concentrate
used as Fe precursor. No silica or silicate phase is seen on the
patterns in the case of Fe excess samples, from 1.13 to 1.04,
despite its slightly higher amount. In contrast with a decrease
of Fe concentration in the melt, a slight peak at 2θ = 22.0°
appears as indicated in Fig. 1a. This peak is ascribed to
cristobalite SiO2 phase (JCPDS file 39-1425). The situation
is clearer for samples with Li/P < 1 shown in Fig. 1b where
SiO2-related peak is well observed. This impurity phase was
previously identified in a sample made from stoichiometric
melt only after a thermal treatment up to 900 °C [30]. This
suggests that the behavior of SiO2 is linked with the melt
compositions. Further understanding on the doping of
LiFePO4 was possible using full-pattern matching with Le
Bail method to calculate the lattice parameters and cell vol-
ume. Rietveld refinement is unfortunately not a suitable meth-
od in the present study for the reasons discussed in [30]. The
results of the lattice parameters and unit cells are listed in
Table 1 for the different compositions using IOC or Fe2O3

as precursors. Figure 3 summarizes this table by plotting of
the lattice volume for each sample as a function of the iron
stoichiometry in the melt. For Fe2O3 precursor, the lattice
volume is unchanged whatever the iron stoichiometry in the
studied range at 291.25 ± 0.01 Å3. In contrast, the cell volume
is highly dependent on the melt composition for IOC case.
The cell volume is first stable at the same value as the lattice
of Fe2O3-based samples up to 0.94-IOC composition. When
IOC stoichiometry in the melt increases further, this value
rises up to 291.94(3) Å3 for the 1.13-IOC sample. Such
lattice volume increase can be explained by two main
hypotheses.

Fig. 2 Iron or iron phosphide inclusions found at the bottom of the
ingots made from iron excess composition

Table 1 Unit cell of samples from Whole Pattern Matching

Series Sample [Li] [Fe] [P] a (Å) b (Å) c (Å) Volume (Å3)

IOC 1.13-IOC 1 1.13 1 10.3429 (7) 6.0101 (4) 4.6965 (3) 291.94 (3)

1.04-IOC 1 1.04 1 10.3399 (4) 6.0102 (3) 4.6946 (2) 291.75 (2)

1.00-IOC 1 1.00 1 10.3340 (4) 6.0076 (2) 4.6935 (2) 291.39 (2)

0.94-IOC 1 0.94 1 10.3334 (4) 6.0064 (3) 4.6932 (2) 291.29 (2)

0.89-IOC 1 0.89 1 10.3331 (5) 6.0078 (3) 4.6917 (3) 291.26 (3)

0.85-IOC 1 0.85 1 10.3325 (4) 6.0076 (2) 4.6922 (2) 291.26 (2)

Li excess 1.07 1.00 1 10.3343 (4) 6.0080 (2) 4.6929 (2) 291.38 (2)

P excess 1 1.00 1.07 10.3344 (5) 6.0072 (3) 4.6938 (2) 291.40 (2)

Fe2O3 1.04-Fe2O3 1 1.04 1 10.3333 (3) 6.0071 (1) 4.6919 (1) 291.24 (1)

1.00-Fe2O3 1 1.00 1 10.3334 (4) 6.0072 (2) 4.6921 (2) 291.26 (2)

0.94-Fe2O3 1 0.94 1 10.3331 (4) 6.0072 (2) 4.6921 (2) 291.25 (2)
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On one hand, lattice increase was shown to be possibly
related to disordering in the LiFePO4 structure [35, 36], which
can be described as M1M2PO4 with Li ions (on the M1 site)
and Fe ions (on the M2 site). Excessive iron in hydrothermally
synthesized materials partially occupiesM1 sites whileM2 site
remains fully occupied by Fe, causing the LiFePO4 lattice
parameters to increase. Sub-stoichiometric samples showing
anti-site mixing of Li+ and Fe2+ can also lead to a noticeable
increase of unit cell volume starting from 6 % M1 vacancies
and 3 % Fe on M1 site [35]. In order to identify Fe position,
Mössbauer measurements were undertaken on samples with
either iron excess or iron deficiency made from IOC precursor

as shown in Fig. 4. In every case, the spectra present only one
symmetric Fe component with the very same isomer shift δ of
1.23 mm/s and quadrupole splitting Δ of 2.97 mm/s. This
component can be ascribed to Fe2+ in octahedral environment
in LiFePO4 [10, 36–38]. These observations exclude the pres-
ence of Fe2+ in M1 site or Fe

3+ in M1 and M2 sites as reported
elsewhere in the case of LiFePO4 prepared using different
synthesis methods [10, 36–38]. This means that no anti-site
mixing is found in all of the present samples. It has to be noted
though that the full width at half maximum, Γ, is rather high
compared to what is observed in solid-state synthesized
samples but is comparable to values found for hydrothermal
materials [39, 40]. This may be related at some extent to
disordering or the presence of structural defects around the
Fe site in the LFP structure on the samples [40]. While
solid-state materials in [40] were synthesized above 575 °C,
hydrothermal materials in [39] were prepared at low temper-
ature (170 °C). In the present case, the molten baths are
quenched from 1100 °C to room temperature. It is estimated
the material is cooled in less than 30–60 min. Fast solidifica-
tion is likely to induce structural defects in the material, i.e.
large distribution of Fe site. In addition, Γ is higher in the case
of IOC-1.04 (0.35 mm/s) compared to IOC-0.94 (0.32 mm/s)
reflecting an even more disordered structure in IOC-1.04.

On the other hand, doping of LiFePO4 can result in lattice
volume change [41]. In a previous study focusing on stoichio-
metric melts, it was reported that impurity elements from the
starting Fe precursor were included as multi-substituting in the
LiFePO4 final structure leading to cell volume expansion [30].
Based on the XRD results and lattice parameter calculation,
excess of Fe in the melt implies that Si is included in the
LiFePO4 structure, inducing bigger lattice parameters. In con-
trast, Si does not insert in the LiFePO4 structure when Fe is
deficient; consequently, lattice parameters are smaller and
SiO2 is detected in the XRD patterns.

SEM pictures and corresponding Si element EDXmapping
were taken for different melt compositions to confirm this
hypothesis as shown in Fig. 5. The presence of a matrix phase,
identified as LiFePO4 phase, and secondary phases in dark
gray color for all samples is observed on SEM images. The
proportion of secondary phases is higher for samples with lack
of iron, 0.94-IOC, and 0.89-IOC. These secondary phases are
P-rich and O-rich indicating the presence of Li4P2O7 and
Li3PO4 in agreement with XRD results. EDX mapping of Si
elements on the same area shows much discrepancy according
to the melt composition. For 1.00-IOC, Si is distributed ho-
mogeneously all over the sample, i.e. in LiFePO4 phase and
secondary phases. In a stoichiometric melt, only part of Si is
included as Si4+ dopant in the LiFePO4 structure after synthe-
sis. The other part is under oxide form SiO2 in amorphous
state in the material as obtained and crystallized with anneal-
ing [30]. Nevertheless, in the case of 0.94-IOC and 0.89-IOC,
Si tends to be concentrated in secondary phases as attested by

Fig. 3 Plot of the lattice volume for each sample series as a function of
the iron stoichiometry in the melt

Fig. 4 Mössbauer spectra of samples with a iron excess IOC-1.04, b iron
deficiency IOC-0.94 made from IOC precursor
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the intense spots and lines in Fig. 5d, f. SEM-EDX results are
in complete agreement with XRD analyses and confirm the
insertion of Si4+ in the LiFePO4 structure when Fe is in excess
in the melt. SiO2 is observed only in Fe-deficient samples; for
these samples, the cell volume is the same as the one of Fe2O3

samples. In other words, Si ions do not insert in the LiFePO4

structure in these materials. With increase of Fe in the melt,
SiO2 phase vanishes from the pattern as Si4+ (and other impu-
rity element) insert in LiFePO4, inducing the volume of the
unit cell to increase. It is believed that Si4+ is located in P5+ site
in the case of multi-doping or co-doping according to this
composition Li(Fe1 − yMy)(P1 − xSix)O4 [30, 31]. This tends
to be in agreement with the higher disordering surrounding Fe
site found byMössbauer in Fe-rich composition. P-excess and
Li-excess samples support this assumption as well. SiO2 is
indeed observed on its pattern indicating that [P] increase in
the melt tends to impede Si4+ from inserting in the olivine
structure. In contrast, an increase of Li concentration does
not favor the growth of SiO2 meaning that Si4+ is not located
in Li+ site. For this latter sample, the extra Li does not even
insert in olivine phase as the lattice volume remains constant
and only results in growth of extra Li3PO4 impurity. The pres-
ence of Si4+ is Bcrucial^ for doping as it allows balancing the
electronic charge induced by other impurity elements in the
olivine structure. However, a more complex composition such
as (Li1 − zAz)(Fe1 − yMy)(P1 − xSix)O4 cannot be excluded with
A and M being cations present in the IOC precursor.

It has to be noted also that 4-point probe conductivity mea-
surement was attempted on thin slice using gold blocking
electrodes to evidence any improvement of the electronic con-
ductivity with or without Si4+ and other cation insertions in
LiFePO4 structure. However, the conductivity of the samples
was too low to bemeasuredwith the equipment resolution (ca.
10−8 S/cm). This indicates that if any improvement is expected

due to Si4+ and other cation insertions in the structure, the
improvement is very limited and may not induce increase of
power performance.

Powders from ingots were wet-milled and further pyro-
lyzed for electrochemical characterization. The specific sur-
face area of LiFePO4/C samples is in the range from 20 to
45 m2/g. The amount of carbon source, measured with carbon
analyzer, is found to be 3.3 ± 0.2 % in all final materials. The
galvanostatic curves at C/10 of selected samples, i.e. reference
samples made from Fe2O3 and IOC-based samples 1.13-IOC
with Li(Fe1 − yMy)(P1 − xSix)O4 expected composition and
0.94-IOC where doping elements are out of olivine structure,
are plotted in Fig. 6. In all cases, the curves only present the
flat plateau profile centered at 3.45 V vs. Li+/Li characteristic
of the two-phase redox reaction of LiFePO4 and FePO4. The
same polarization is found at ca. 55 mV indicating that all

Fig. 5 SEM pictures and
corresponding Si element EDX
mapping for a and b IOC-1.00 , c
and d IOC-0.94 and e and
f IOC-0.89

Fig. 6 The galvanostatic curves at C/10 of selected samples
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materials are sufficiently well carbon coated for this cycling
rate. The end of charge in the case of Fe2O3 and 0.94-IOC
presents a sharp increase to the cutoff potential whereas 1.13-
IOC, however, displays more kneeling. In contrast, such dis-
crepancy is not seen for the end of discharge side. The reason
for such behavior is not clear. This could be related to the
nano-sized character of the material [42]. Nevertheless, with
use of the same synthesis protocol and further confirmation by
BET measurement, particle size difference is not expected
among the samples. This might rather be linked to the pres-
ence of doping elements in the LFP structure. This question
will be cleared out in an upcoming paper.

The maximum discharge capacity varies as a function of [Fe]
in the melt between these last samples as it is detailed in Fig. 7a
for the whole IOC and Fe2O3 series. The figure clearly shows that
the maximum discharge capacity strongly depends on the iron
stoichiometry in the melt for IOC series. Sample 1.13-IOC shows
the lowest discharge capacity of 142 mAh/g. With increasing
LiPO3 content, the discharge capacity improved up to a maxi-
mum of 158.5 mAh/g for 0.94-IOC sample. However, further
increase in LiPO3 caused a quick capacity loss for samples
0.89-IOC and 0.85-IOC. Surprisingly with IOC, as opposed to
the Fe2O3 samples, the best capacity is not found for a stoichio-
metric melt but for one with a slight Fe deficiency. For compar-
ison, the discharge capacity of samples prepared with pure Fe2O3

is also shown in Fig. 7a. The capacity isminimally affected by the
[Fe] variation in themelt in the studied range as it varies from 158
to 161 mAh/g. For both series, the samples synthesized at 0.94
exhibit discharge capacities only 2 % apart (161 and 158.5 mAh/
g). This 2 % difference corresponds to the expected impurity
contribution of 1.9 wt.% in 0.94-IOC sample in comparison to
0.94-Fe2O3. This suggests that the impurity oxides for this com-
position do not contribute to capacity loss more than their gravi-
metric impact. On both sides of this particular composition, the
discharge capacity decreases. When Fe is lacking in the samples,
the presence of SiO2 is detrimental to thematerial electrochemical

activities as explained in detail below. In the case of samples with
Fe excess, impurity cations in IOC could partially substitute Li
(which is missing in the melt) in M1 site and either block Li
diffusion channels or decrease the number of Li atoms available.
For both assumptions, the electrochemical capacity is affected.
Olivine phase in sampleswith Li/P > 1 is similar to stoichiometric
composition one; however, the capacity is reduced due to an
increase of the Li3PO4 impurity phase. In contrast, samples with
Li/P < 1, even though Si4+ is essentially expelled from the olivine
phase, the capacity does not significantly increase compared to
the stoichiometric case. This could imply that despite Si atoms are
essentially out of the LiFePO4 structure, some Li diffusion chan-
nels could be blocked by larger cations in M1 site. The electro-
chemical capacities of the materials are in agreement with the
XRD conclusions and provide complementary information for
determining the composition of olivine phase when using IOC
precursor.

Fig. 7 a Maximum discharge capacity as a function of [Fe] in the melt. b Cycle life on 100 cycles of the samples with different melt compositions

Fig. 8 Normalized discharge capability for extreme and significant
samples
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Figure 7b shows the cycle life on 100 cycles of the samples
with different melt compositions. Coulombic efficiency for all
samples in the presence of excess iron is higher than 99.5 %.
Most of the samples present several activation cycles before
reaching the maximum capacity. For Fe concentration in the
melt above stoichiometric ratio, i.e., samples identified as
Bdoped^ LiFePO4, after reaching highest capacity, no signifi-
cant fade is observed. It has been measured that a capacity
retention is higher than 99.6 % on 50 cycles after maximum
capacity. However, with a decrease of Fe content in the melt,
capacity fading is more marked. This is particularly obvious
for sample 0.85-IOC. In that case, capacity retention dramat-
ically drops close to 90 %. The improved cycle life of doped
samples is in agreement with results fromNishijima et al. [31].
It is indeed reported that co-substitution of Si4+ for P5+ and
Zr4+ for Fe2+ in LiFePO4 structure increases the cyclability of
LiFePO4 powder due to reduced volume change upon
delithiation/lithiation process. The present material composi-
tion (Li1 − zAz)(Fe1 − yMy)(P1 − xSix)O4 seems to go in the
same direction than the one reported by Nishijima et al.
Analysis of the XRD pattern of a delithiated sample (not
shown) did not evidence significant reduced volume change
for doped samples. Nevertheless, considering the low content
of dopant, relatively slight reduction of volume change is ex-
pected. Investigations are currently under process in order to
determine more precisely the doped material composition
when using IOC. Undoped samples (lack of Fe), on the other
hand, contain Li4P2O7 and SiO2 phases. Li4P2O7 impurity is
not expected to be harmful for LiFePO4 electrochemical char-
acteristics besides its gravimetric impact on specific capacity.
In contrast, SiO2 is known to be possibly detrimental to lith-
ium battery cycle life as it may react with LiPF6 salt from
electrolyte and the possible formation of HF [43]. These rea-
sons could partly explain the poorer cycle life observed for
undoped samples in the present study. However, the capacity
retention of Li-excess (doped without SiO2 phase) sample is
rather low at only 94.5 % whereas the one of P-excess
(Bundoped^ with presence of SiO2 phase) sample is the same
as for the stoichiometric sample. It is not clear at present why
the capacity retention of the samples with Li excess and P
excess is behaving this way; the opposite trend was expected.

Power performance was measured for the different IOC
samples. Figure 8 shows the normalized discharge capabil-
ity for extreme and significant samples, namely 1.13-IOC,
1.00-IOC, 0.94-IOC, and 0.85-IOC. Due to differences in
capacity retention according to material composition, the
capacity at 0.1C, obtained after measurement of the capac-
ities at higher currents, is used as reference. The capacities
were normalized as a mean to compare capacities from
samples with different maximum specific capacities. Two
sets of values appear. Samples 1.00-IOC and 0.94-IOC
present the best power performance close to that of mate-
rials made from pure precursors [30]. In contrast, samples

1.13-IOC (doped) and 0.85-IOC (undoped) have somewhat
lower power performance. The loss is already appearing at
relatively low C-rates, ca. C/4. The decrease is then obvi-
ously getting more marked with increase of the C-rate up to
10C. The effect of Bdoping^ vs. Bnon-doping^ on the pow-
er performance is not clear then. Olivine lattice expansion
observed in doped materials could lead to larger lithium
diffusion channels. This could promote discharge ability
at higher currents [20]. Particle size variations can also
affect the power performance of the materials as increased
power is found for smaller particles [20]. However, no
such effect is visible when comparing doped to undoped
samples with close particle size and carbon content.
Instead, the power performance is slightly decreased in
samples with extreme melt compositions, i.e., with more
impurities, Li3PO4, or Li4P2O7. Although coating of disor-
dered Li3PO4 and/or Li4P2O7 around LFP particles is rec-
ognized for possibly increasing lithium diffusion [44, 45],
in the present case, such impurities appear as crystalline
secondary phases and may act differently.

Conclusions

LiFePO4 cathode material was synthesized using melt process
with low-cost iron ore concentrate (IOC) as iron source and
with variation of the Fe content in the melt. The low-cost IOC
containing SiO2 as major impurity, up to 4.48 wt.% and other
oxides such as MgO and CaO below 0.5 wt.%, was used to
reduce significantly the raw material cost and further com-
pared to materials made from pure Fe2O3. According to re-
finement of XRD patterns and on the basis of Mössbauer
spectroscopy results and SEM-EDX characterization, it ap-
peared that impurity cations from IOC can insert in the
LiFePO4 structure when the melt is Fe-rich according to the
formula (Li1 − zAz)(Fe1 − yMy)(P1 − xSix)O4. Control of the Fe
content in the melt though allows LiFePO4 structure purifica-
tion. The electrochemical properties of the materials are
strongly related to the insertion of dopants in LiFePO4 phase.
If the insertion of dopants does not significantly affect the
electronic conductivity of the samples nor their power perfor-
mance, material capacity and cycle life strongly depend on the
doping of LiFePO4 structure. Capacity retention is then best
when material is doped whereas capacity is maximum with
slight iron deficiency. In the particular case of 0.94-IOC, the
capacity is only 2 % lower than that of the corresponding
sample made from pure Fe2O3 precursor. This study shows
that with proper control of the melt composition using low-
cost IOC precursor, resulting LiFePO4 phase can be purified
and it is possible to achieve electrochemical performance ap-
proaching that of pure LiFePO4 made from an expensive
Fe2O3 precursor.
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