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Olivine-type LiFePO./C cathode materials are fabricated with FePO, powders that are pre-synthesized by
two different processes from iron chloride solution. Process I is a modified precipitation method which is
implemented by the pH control of a solution using NH4OH to form FePO, precipitates at room temperature.
Process Il is a conventional precipitation method, of which H;PO4 (85%) solution is gradually added to a
FeCl; solution during the process to maintain a designated mole ratio. The solution is subsequently aged
at 90°C in a water bath until FePO, precipitates appear. In order to synthesize LiFePO./C composites, each
batch of FePO, powders is then mixed with pre-milled lithium carbonate and glucose (8 wt. %) as a carbon
source in a ball-mill. The structural characteristics of both LiFePO4/C composites fabricated using iron phospates
from two different routes have been examined employing XRD and SEM. The modified precipitation process
is considered to be a relatively simple and effective process for the preparation of LiFePO./C composites
owing to their excellent electrochemical properties and rate capabilities.
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1. INTRODUCTION

Lithium iron phosphates have recently been given a great
deal of attention as a positive electrode material in lithium
batteries due to the low cost of constituent materials, the
abundant resources of Fe and their environmental friendly
nature."! For the synthesis of LiFePO,, divalent Fe(Il)-ace-
tate or Fe(I)-oxalate, Li,CO; and ammonium phosphate are
generally utilized as starting materials.""” However, divalent
Fe(Il)-acetate or Fe(Il)-oxalate is relatively expensive and
toxic. In contrast, Fe(IIl) salts are relatively less expensive
and more stable,”™” so that overall manufacturing cost and
safety may be optimized. Precipitation routes are widely
used in synthesizing cathode materials, since they allow
atomic level homogeneity when mixing the starting com-
pounds, compared to conventional solid state approaches.
In addition, a wide range of low-cost reactants for the precip-
itation method are available. For example, iron chloride, iron
nitrate and iron sulfate are successfully used, because CI,
NO;™ and SO,* can be readily dissolved into the solution
and can also be easily removed.'*” The precipitation route is
also a relatively simple scale-up process with low energy
consumption in comparison to various other wet chemistry
processes such as hydrothermal processing, sol-gel process-
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ing, spray pyrolysis, etc.!*'"

Iron (I1T) phosphate has recently gained interest as a com-
patible source of both iron and phosphate in the field of lith-
ium batteries.!""'"* Tron (IIT) phosphate can be prepared by a
precipitation technique from aqueous solution.""'” Here,
two possible precipitation processes can be considered for
the synthesis of iron phosphates. First, a conventional pro-
cess is followed using precursors in aqueous solution, in
which precipitates can be formed through temperature con-
trol. The second process can be a modified process, for
which pH control is adopted to facilitate the formation of
desired precipitates. It has been shown that iron (III) phos-
phate prepared by a precipitation technique via temperature
control results in micro-sized precipitate particles."" It shall
also be speculated that corrosive HCl fume is frequently
evolved during isothermal precipitation processes when
using chloride salts. To avoid these complications, a modi-
fied precipitation route via pH control is considered.

Typically, ferric chloride (FeCls) solutions are by-products
or waste streams of various manufacturing processes, includ-
ing the pickling of steel scrap, of which FeCl; solution is
waste liquid. FeCls solution is also a by-product of titanium
dioxide production. The major uses for FeCl; solution are
municipal wastewater treatment and potable water treatment
and in many different industrial applications. In water and
waste water operations, ferric chloride is used as coagulants
or flocculants, for odor control to minimize hydrogen sulfide
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release, for phosphorus removal, and as a sludge thickening,
conditioning and dewatering agent. The use of FeCl; in the
electronics field is only a minor component.

The objectives of the present study are to develop an inex-
pensive and simple route for synthesizing iron phosphates
from industrial by-product FeCl; and to investigate the pro-
cess effect on the properties of subsequent lithium iron phos-
phates. For these purpose, olivine-type LiFePO./C cathode
materials are fabricated with FePO, powders pre-synthe-
sized by two different processes. This study provides useful
process information on synthesizing iron phosphates and
subsequent olivine-type LiFePO4/C composites. FeCl; (38%)
solution, which was used in this study as an iron source, is an
industrial waste product and is the least expensive ($0.5/L)
among all other iron sources. Synthesis of LiFePO./C com-
posite by using this precursor with other low priced precur-
sors such as H;PO, and glucose is reported here for the first
time. Two different precipitation methods for synthesizing
LiFePO4/C composite are highlighted in this study by using
an inexpensive precursor FeCl; solution rather than focusing
on their electrochemical properties.

2. EXPERIMENTAL PROCEDURE

2.1 Materials

The starting materials used for synthesizing amorphous
FePO, were FeCl; solution (38%, AR), H;PO, (85%, AR)
solution and NH4OH (25% - 30%, AR). Li-CO3 (99%, AR)
and glucose (98%) were used with pre-synthesized FePO,
for fabricating the LiFePO./C composite. The glucose and
H;PO, solution were purchased from Samchun pure chemical
Co., Ltd., while Li,CO; was purchased from SQM. The FeCl;
solution was supplied by Dea Myoung Chemical. All the
chemicals were used as received without further purification.

2.2 Synthesis of LiFePO,/C composites

To synthesize olivine-type LiFePO./C cathode materials,
FePO, powders prepared from two different processes were
used. The first process is designated as process I, which was
conducted by the pH control of solution using NH,OH at
room temperature in order to precipitate an iron phosphate
identical to that used in a previous study,* but with different
starting materials. The second process is designated as pro-
cess II, for which the solution was isothermally maintained
at 90°C until precipitates formed. For process 1I, the pH of
the solution was in the range of 0.1 -0.5 (imposed by
H;PO,).

Step I: For process I, a certain amount of H;PO, (85%)
solution was gradually added drop wise to the FeCl; solution
and stirred for 1 hour. NH4OH was then slowly added to the
solution to control the pH value with vigorous stirring at
room temperature.

In order to compare the process effect, FePO, powders

having the same composition as those in process I were syn-
thesized in process II. For process II, a solution mixture was
prepared with aqueous FeCl; salts and H;PO, (85%) solution
and the solution was stirred for 1 hour. The solution was sub-
sequently aged at 90°C in a water bath until precipitates
appeared. The white colored precipitates fabricated from
processes 1 and II were then isolated by filtration, and
washed with distilled water and isopropyl alcohol. After
washing precipitates (FePO,xH,0), a drying process was
carried out at 100°C for 6 hours. XRD analysis revealed that
precipitates are of mostly an amorphous state.

Step II: LiFePO./C was synthesized by a solid state reac-
tion process using pre-milled Li,CO; and pre-synthesized
amorphous FePO,xH,O powders. Appropriate amounts of
precursors and glucose (8 wt. %) were weighed and ball-
milled with a ZrO, media in ethanol for 24 hours. The mix-
ture was then dried at 80°C for 4 hours. The dried powders
were then fired at 700°C for 4 hours under an N, atmosphere
to prevent the oxidation of Fe*" and to coat the surface of
LiFePO; particles with carbon.

2.3 Structural characterization

To observe phase information and possible second phase
formation in precursor states, the amorphous FePO,xH,O
powders were heat treated in air at 600°C - 700°C for
3 hours to obtain crystalline FePO, powders. Thermo gravi-
metric analysis (TGA) and differential scanning colorimetric
analysis (DSC) were conducted using a thermal analysis sys-
tem (NETZSCH 449C) with a heating rate of 10°C min™".
The powder x-ray diffraction (XRD, Rigaku, D/MAX-
2500H) analysis with Cu K« radiation was used to identify
the crystalline phases of the prepared materials. In order to
observe the microstructures, e-SEM (FEI, Quanta-400) and
FE-SEM (Jeol, JSM-6700F) were employed.

2.4 Electrochemical characterization

For electrochemical property assessment, electrodes were
fabricated from a mixture of carbon coated LiFePO, pow-
ders (80 wt. %), carbon black (Super P, 10 wt. %), and poly-
tetrafluoro ethylene (PTFE, 10 wt. %) as a binder in N-
methyl-2-pyrrolidone (NMP) solution. This shurry was
spread onto Al foil and dried in a vacuum at 120°C for
4 hours. Electrochemical properties were measured for coin
cells (CR2016), which were assembled in a glove box under
an Ar atmosphere. The electrolyte used was 1M LiPFg in a
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1:1 volume). The cells were galvanostatically
charged and discharged at a voltage range of 1.8-4.2V
against the Li anode in a WONATECH (WBCS-3000) bat-
tery testing system at room temperature. CVs were measured
on an impedance/electrochemical measurement system (IVI-
UMSTAT, Germany) with a scan rate of 0.1 mV s~ between
2.6 and 4.2 V at room temperature.
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3. RESULTS AND DISCUSSION

3.1 Phase analysis and powder morphology of FePO,
precursor

To observe the dehydrating and phase transition tempera-
ture, TG/DSC analysis for the FePO,-xH,O synthesized by
process | is performed and an exothermic peak appears at
568°C, indicating crystallization of amorphous FePO, to
hexagonal FePO,. Based on the analysis, FePO,-xH,O pre-
cursors are determined to calcine above 600°C and the phase
information is investigated. XRD patterns for both iron
phosphates heat-treated at 600°C and 700°C are presented in
Figs. 1(a) and (b), respectively. All XRD patterns are fully
stabilized to a hexagonal structure without second phase for-
mation after heat treatment at 600°C. At 700°C, however, a
second phase of Fes(P,O;); appears in the iron phosphate
synthesized from process II. In contrast, any secondary
peaks are not observed in the iron phosphate fabricated by
process 1. From this x-ray analysis, the following reaction
(simplified) can be speculated as:

Process I:
At room temperature:

FeCl; (aq.) + H;POs (aq.) + NH4OH (aq.)—
FePO, - xH,0V + (NH,);PO, (aq.) + NH,CI (aq.) (1)

189
Process I1:
At 90°C:
FeCls (aq.) + HsPO, (aq.)— FePO, - xH,04
+ Fey(P207)s xH,O + HCl )

As the temperature increases to 600°C, amorphous FePO,
is transformed to the hexagonal crystal structure, while in the
case of process II, the Fes(P,O-); phase remains in an amor-
phous state. At a further increase of temperature to 700°C,
the crystallization of Fes(P,O7); occurs. This prediction for
the chemical reaction in process II seems to coincide with
the results of the x-ray analysis, as shown in Fig. 1(b). Simi-
larly, Marasinghe et al."" reported that Fe,(P,0,); started to
crystallize at 700°C in an iron phosphate glass system. Thus,
the observed secondary peaks at 700°C in Fig. 1(b) indicate
the existence of crystallized Fes(P,O7); in FePO,. This is
referred to at the JCPDS card number 360318. Considering
the fact that the secondary peak appears only in process II,
the elevated temperature in the process may play a role in the
second phase formation.

Morphologies of iron phosphates synthesized by processes
I and II are presented in Figs. 2(a) and (b), respectively.
Comparing these processes, it can be seen that process I
results in a reduced particle size along with homogeneity,
while process Il shows a relatively larger particle size with
an irregular shape. The average particle size of the iron phos-
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Fig. 1. XRD patterns of FePO, before and after heat treatments; (a) synthesized by process I and; (b) synthesized by process I1.
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Fig. 2. SEM micrographs of as-synthesized FePOy; (a) by process I and; (b) by process II.
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phate synthesized by process I is about 30 nm with a sphere
shape, whereas that by process II has a broader particle size
distribution. It has been previously reported that the particle
size and shape of iron phosphates increased and became
more irregular under the lower pH and at a higher reaction
temperature in a conventional precipitation process.'"
Reminding again To reiterate, process I is carried out at
room temperature while maintaining the pH of 2.1, while
process Il is carried out at 90°C while the pH of the solution
is in the range of 0.1 - 0.5. Therefore, it can be expected that
the slightly higher pH and lower reaction temperature reduce
particle size, even down to the nano-scale, and increase uni-
formity.

3.2 The crystal structure and powder morphology of
LiFePO./C cathode materials

Before synthesizing the LiFePO./C composite, lithium
carbonate is milled in advance in a high energy nano-mill to
effectively eliminate possible problems associated with size
and shape differences and to enhance the reaction activities
in starting materials. The SEM micrographs of as-received
and pre-milled Li.CO; powders are presented in Fig. 3. It
can be seen that the pre-milling process results in reduced
particle size and enhances the reaction activities with precursors.

The XRD patterns of heat-treated LiFePO,/C composites,
which are fabricated with pre-synthesized FePO4,xH,O and
pre-milled Li,COs, are shown in Fig. 4. The LiFePO4/C com-
posite fabricated with the iron phosphate from process |
reveals a single orthorhombic phase, whereas a secondary
Fe,P,0O; phase is observed in the LiFePO./C composite fab-
ricated with the iron phosphate from process II. The second
phase is similar to that observed in Fig. 1(b). As mentioned,
the FePO,-xH,O precursor from process Il contains Fes(P.O);
after heat-treating at 700°C in air. Consequently, it can be
considered that LiFePO./C composites are heat-treated with
a reducing agent of a carbon source under an N, atmosphere
so that Fe’* can be reduced to Fe*', leading to the Fe,P,0,
formation in the composite.

SEM micrographs of LiFePO.,/C composites fabricated

*Fe2P207
Process 11
S
2 Process |
w
[
9
£ _L_L‘J;_JHJMJ\_LMML
JCPDS-401499
| |l | ||J|. 1Li|]||
2I0 l 3I0 l 4I0 ' 5I0 ' 60
20(°)

Fig. 4. XRD patterns of LiFePO./C composites fabricated with the
pre-synthesized FePO, from two different routes.

with iron phosphates from process I and II (designated as
samples A and B, respectively) reveal the influence of the
synthesis method on particle size before heat treatment as
shown in Figs. 5(a) and (b), respectively, and those after heat
treatment as shown in Figs. 5(c) and (d), respectively. As
shown in Figs. 5(a) and (b), sample A has an average particle
size of ~30 nm with a near spherical and narrow size distri-
bution, but some agglomerations are shown. In contrast,
sample B particles are irregular shaped with broad particle
size distribution and less agglomeration. After heat treat-
ment, particle sizes in sample A increases somewhat, while
those in sample B exhibit a restricted growth with a bimodal
size distribution. The particle growth in sample A can be
speculated in two ways. The first speculation can be the
effect of agglomeration, which inhibits carbon sources from
diffusing deep inside the agglomerates. In this study, carbon
source, which is known to prohibit the particle growth dur-
ing heat treatment,!">""! is believed to be coated only on the
surface of agglomerates. The second speculation can be the
nano size effect. Surface area is considerably increased in

Fig. 3. SEM micrographs of Li,COs; (a) as-received and; (b) nano-milled.

Electron. Mater. Lett. Vol. 9, No. 2 (2013)
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Fig. 5. SEM micrographs of LiFePO4/C composites; (a) fabricated with the pre-synthesized FePO, by process I, before heat treatment; (c) as for
(a), but after heat treatment; (b) fabricated with the pre-synthesized FePO, by process 11, before heat treatment, and; (d) as for (b), but after heat

treatment.

nano sized particles, and hence can provide a driving force
for the particle growth.!"® Since particles in sample B are rel-
atively well dispersed, the carbon source seems to be rather
uniformly coated on the surface of individual particles, pos-
sibly leading to the retardation of particle growth.

3.3 Electrochemical properties

3.3.1 Charge/discharge and cyclic performances

Figure 6 presents the charge/discharge voltage profiles and
cyclic performances of sample A and B electrodes. The ini-
tial charge and discharge capacity of sample A are 157 and
136 mAhg ™', respectively. For sample B, the charge capacity
is 110 mAhg ™, and the discharge capacity is 88 mAhg™.
Sample A exhibits a flat charge/discharge plateau around
3.47 and 3.40 V, and that for sample B is around 3.5 and
3.37V, implying that redox reaction occurs between the
FePO, and LiFePO, phases. Sample A has a relatively
higher charge/discharge capacity compared to sample B.
This can be ascribed to the presence of a single orthorhom-
bic phase without existence of any second phases, despite
the relatively larger particle size and poor carbon coating in
sample A. From the discussions above, it can be considered
that a second phase in LiFePO, seems to take precedence in
the decrease of specific capacity over particle size and car-
bon coating quality. Both samples show excellent cyclic
behavior even after 30 cycles. This in turn suggests that a
second phase is closely related to the decrease in specific
capacity, but has no specific influence on the cyclic perfor-
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Fig. 6. Initial charge(c)-discharge(d) curves of lithium cells with
LiFePO,/C fabricated by two different routes at a current rate of 0.1C.
Inset: Discharge cyclic performance of lithium cells with LiFePO./C
fabricated by two different routes.

mance in this study. There could be an opportunity to opti-
mize particle size and appropriate percentage of carbon for
coating, which may lead to enhance the electrochemical

property.

3.3.2 Cyclic voltammogram
Typical cyclic voltammograms of LiFePO, (samples A

Electron. Mater. Lett. Vol. 9, No. 2 (2013)
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Fig. 7. Cyclic voltammograms of lithium cell with LiFePO./C fabri-
cated by two different routes.

and B) cathode materials are provided in Fig. 7. Here, the
lithium foil acts as counter and reference electrodes. The
cyclic voltametric curves indicate that intercalation/disinter-
calation occurs within the potential range and the phase tran-
sition, if there is one, seems to proceed during the process.
Sample A and B cathodes show single anodic peaks at 3.65
and 3.63 'V, respectively, during the charge cycle. This corre-
sponds to the single-step lithium-ion removal from cathode
materials. Single cathodic peaks are obtained at 3.34 and
3.33 V for samples A and B, respectively, which correspond
to the Li" reinsertion into cathodes. The cyclic voltammetry
curve for sample B shows a relatively symmetrical and
sharper shape in both charge and discharge runs, compared
to sample A. Stronger and sharper peaks in sample B intu-
itively indicate the enhancement of the lithium-ion diffusion,
possibly due to the relatively smaller particle size and uni-
formly coated carbon, as presented in Fig. 5(d). The peak
potential difference (AE,) between anodic and cathodic
peaks is 0.31 V in sample A, whereas that in sample B is
0.3 V. This indicates that both cathode samples have a simi-
lar reversible/quasi-reversible nature of the Li" transport
behavior in the electrochemical cell between the LiFePO,
and FePO; structures.

4. CONCLUSIONS

A simple route for synthesizing iron phosphates is sug-
gested and the process effect on the properties of subsequent
LiFePO4/C is systematically investigated in this study.
Results reveal that iron phosphate particles prepared from a
modified precipitation process (process I) are in the range of
20 - 50 nm, whereas those of iron phosphates prepared from
a conventional precipitation process (process II) are rela-
tively larger and more irregularly shaped. Process I ensures
the formation of a single phase olivine structure without any

second phases, while a secondary Fe,P,O; phase exists in the
LiFePO./C composites prepared in process II. Through elec-
trochemical property measurements, significant improve-
ments in the initial charge/discharge capacity are observed in
the LiFePO4/C composites fabricated with the iron phos-
phates from process 1. The decreased charge/discharge
capacity in the LiFePO./C composites fabricated with the
iron phosphates from process Il can possibly be ascribed to
the existence of the second phase Fe,P,O;. However, both
samples show excellent cyclic behavior even after 30 cycles.
A second phase Fe,P,O- in the composite seems to take pre-
cedence in the decrease of specific capacity over particle size
and carbon coating quality, but has no specific influence on
the cyclic performance in this study. In addition, evolution of
noxious HCI fumes can be successfully evaded by process I.
Therefore, the modified precipitation process is considered
to be a relatively uncomplicated and effective process for the
preparation of LiFePO./C composites owing to their excel-
lent electrochemical properties and rate capabilities.
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